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PERFORMING ANTI - VIRUS CHECKS FOR A capacity that can be leased and accessed by clients . Clients 
DISTRIBUTED FILESYSTEM can leverage such storage solutions to offload storage man 

agement overhead and to quickly and easily increase their 
RELATED APPLICATIONS data storage capacity on an as - needed basis . However , 

5 cloud - based storage involves another set of inherent risks 
This application is a continuation - in - part application of and overheads . For instance , storing data remotely ( “ in the 

pending U . S . patent application Ser . No . 13 / 971 , 621 filed on cloud ” ) often increases access latency , and multiple clients 
20 Aug . 2013 by inventors Richard Sharpe , Randy Yen - pang simultaneously accessing a shared data set in a cloud - based 
Chou , and John Richard Taylor , entitled “ Avoiding Client storage system may suffer from data consistency problems . 
Timeouts in a Distributed Filesystem . ” U . S . patent applica - 10 Furthermore , network failures and / or outages in cloud - based 
tion Ser . No . 13 / 971 , 621 is a continuation - in - part applica storage systems can prevent clients from accessing their data 
tion of pending U . S . patent applications : ( 1 ) Ser . No . 12 / 772 , for significant periods of time . 
806 filed on 3 May 2010 by inventors Randy Yen - pang Chou Hence , what is needed are techniques for providing net 
and Ravi Mulam , entitled “ Cloud Commands ” ; and ( 2 ) Ser . work - based storage capabilities without the above - described 
No . 13 / 782 , 729 filed on 1 Mar . 2013 by inventors Randy 15 problems of existing techniques . 
Yen - pang Chou , John Richard Taylor and Andrew P . Davis , 
entitled “ Facilitating the Recovery of a Virtual Machine SUMMARY 
Using a Distributed Filesystem ” . U . S . patent application Ser . 
No . 13 / 782 , 729 is a continuation - in - part application of The disclosed embodiments disclose techniques that 
pending U . S . patent application Ser . No . 13 / 769 , 185 filed on 20 facilitate the process of performing anti - virus checks for a 
15 Feb . 2013 by inventors John Richard Taylor , Randy distributed filesystem . Two or more cloud controllers col 
Yen - pang Chou , and Andrew P . Davis , entitled “ Customiz - lectively manage distributed filesystem data that is stored in 
ing Data Management for a Distributed Filesystem ” . U . S . one or more cloud storage systems ; the cloud controllers 
patent application Ser . No . 13 / 769 , 185 is a continuation - in - ensure data consistency for the stored data , and each cloud 
part application of pending U . S . patent application Ser . No . 25 controller caches portions of the distributed filesystem . 
13 / 725 , 738 filed on 21 Dec . 2012 by inventors John Richard During operation , a cloud controller receives a write request 
Taylor , Randy Yen - pang Chou , and Andrew P . Davis , from a client system that seeks to store a target file in the 
entitled “ Distributing Data for a Distributed Filesystem distributed system . A scan is then performed for this target 
Across Multiple Cloud Storage Systems ” . U . S . patent appli - file . For instance , the scan may be an anti - virus scan that 
cation Ser . No . 13 / 725 , 738 is a continuation - in - part appli - 30 ensures that viruses are not spread to the distributed file 
cation of each of the following U . S . patent applications : ( 1 ) system or the clients of the distributed filesystem . 
Ser . No . 12 / 772 , 927 filed on 3 May 2010 by inventors Randy In some embodiments , the metadata for each file in the 
Yen - pang Chou , Ravi Mulam , and Steve Jung , entitled , distributed filesystem includes a " clean field ” that is marked 
“ Efficient Cloud Network Attached Storage ” , now U . S . Pat . when the file has been scanned and determined to be clean 
No . 8 , 341 , 363 , issued 25 Dec . 2012 ; ( 2 ) Ser . No . 13 / 225 , 194 35 of any viruses . In this context , performing the anti - virus scan 
filed on 2 Sep . 2011 by inventor Randy Yen - pang Chou , of the target file involves marking the clean field for the 
entitled “ Forwarding Filesystem - Level Information to a target file if no virus is found for the target file . Every cloud 
Storage Management System ” , now U . S . Pat . No . 8 , 356 , controller receiving a client request to access the target file 
016 , issued 15 Jan . 2013 ; and ( 3 ) Ser . No . 13 / 295 , 844 filed confirms that the clean field for the target file is marked 
on 14 Nov . 2011 by inventors John Richard Taylor , Randy 40 before allowing clients to access the target file . 
Yen - pang Chou , and Andrew P . Davis , entitled “ Pre - Fetch - In some embodiments , performing the anti - virus scan 
ing Data for a Distributed Filesystem ” . This application involves : ( 1 ) storage the cloud files that contain the data 
hereby claims priority under 35 U . S . C . $ 120 to the above blocks for the target file in a cloud storage system ; ( 2 ) 
listed U . S . patent applications . The contents of U . S . patent sending an incremental snapshot containing the metadata for 
application Ser . Nos . 13 / 971 , 621 , 12 / 772 , 806 , 13 / 782 , 729 , 45 the target file from the cloud controller to the other cloud 
13 / 769 , 185 , 13 / 725 , 738 , 12 / 772 , 927 , 13 / 225 , 194 , and controllers for the distributed filesystem ; ( 3 ) receiving the 
13 / 295 , 844 are incorporated by reference in their entirety . incremental metadata snapshot at another cloud controller 

that is associated with anti - virus scanning operations ; and 
BACKGROUND ( 4 ) , if no virus is found for the target file , sending a 

50 subsequent incremental metadata snapshot from this cloud 
Field of the Invention controller in which the clean field for the target file is 
This disclosure generally relates to techniques for pro marked . 

viding flexible and extensible network storage systems . In some embodiments , the cloud storage system , a cloud 
More specifically , this disclosure relates to techniques for controller that is associated with anti - virus scanning opera 
storing and accessing data in a distributed filesystem . 55 tions , and an anti - virus service are all co - located in a cloud 

Related Art computing environment . This cloud controller downloads 
Enterprise data centers typically include large numbers of the target file by downloading the cloud file ( s ) containing the 

storage devices that can be accessed using high - speed net data blocks for the target file from the cloud storage system 
works . However , the management overhead for a large and then transfers the target file to the anti - virus service . The 
number of storage devices can become substantial . For 60 anti - virus service performs the scan , and then sends the 
instance , maintaining data consistency , redundancy , and results to the cloud controller . 
storage system performance in the presence of hard drive In some embodiments , the anti - virus scan is initiated at 
failures can involve substantial time , effort , and expertise . the time that the target file is written to the distributed 

A number of “ cloud - based storage ” vendors attempt to filesystem . 
simplify storage management by providing large - scale 65 In some embodiments , the anti - virus scan is initiated at 
remote network storage solutions . Such vendors can lever - the time that the target file is accessed via a client request . 
age economies of scale to provide extensive data storage For instance , the anti - virus scan may execute at the same 
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time that a cloud controller associated with the request is FIG . 7A presents a flow chart that illustrates the process 
downloading and processing the cloud files containing the of forwarding filesystem - level information in accordance 
data blocks of the target file . with an embodiment . 

In some embodiments , a first anti - virus scan of the target FIG . 7B presents a flow chart that illustrates the process 
file is initiated at the time that the target file is written to the 5 of using a guest operating system to forward filesystem - level 
distributed filesystem , and the metadata for the target file information in accordance with an embodiment . 
includes a version field that tracks the version of the virus FIG . 8 illustrates a distributed system in which updates 
definitions that was used to perform this first scan . The target are mirrored to an additional mirror storage system in 
file is re - scanned if an updated set of virus definitions are accordance with an embodiment . 
available when the target file is accessed . FIG . 9 illustrates a computing environment in accordance 

In some embodiments , a first anti - virus scan of the target with an embodiment . 
file is initiated at the time that the target file is written to the FIG . 10 illustrates a computing device in accordance with 
distributed filesystem , and a subsequent anti - virus scan of an embodiment . 
the target file is initiated when the anti - virus service receives 16 FIG . 11A illustrates a distributed filesystem in which a 
an updated set of virus definitions . backup cloud controller serves as a backup for set of cloud 

In some embodiments , subsequent anti - virus scans for the controllers that manage and access data stored in a cloud 
distributed filesystem are configured to selectively re - scan a storage system in accordance with an embodiment . 
subset of the distributed filesystem . For instance , portions of FIG . 11B illustrates the distributed filesystem of FIG . 11A 
the distributed filesystem to be re - scanned may be selected 20 after the backup cloud controller has taken over the load of 
based on the file type for a file , the owner of the file , and the a failed cloud controller in accordance with an embodiment . 
location of the file in the distributed filesystem hierarchy . FIG . 12 presents a flow chart that illustrates the process of 

In some embodiments , the clean field is organized in a providing disaster recovery for a distributed filesystem in 
manner that allows sub - portions of the target file that have accordance with an embodiment . 
already been scanned to be marked as clean , thereby allow - 25 FIG . 13A illustrates a distributed filesystem in which a set 
ing portions of the target file that have been marked as clean of cloud controllers manage and access data mirrored across 
to be served to a requesting client while the anti - virus multiple cloud storage systems in accordance with an 
service is still scanning other portions of the target file . embodiment . 

FIG . 13B illustrates a cloud virtual address ( CVA ) format BRIEF DESCRIPTION OF THE FIGURES that facilitates identifying and locating cloud files across 
different cloud storage configurations in accordance with an FIG . 1A illustrates a set of clients that are configured to embodiment . access NAS devices . 

FIG . 1B illustrates a set of clients that are configured to FIG . 14 illustrates the process of migrating a cloud file 
access NAS devices via a load balancer . from a first cloud storage system to a second cloud storage 

FIG . 2 illustrates a network storage system that provides hat provides sys system in accordance with an embodiment . 
remote storage with a disk - level abstraction . FIG . 15 presents a flow chart that illustrates the process of 

FIG . 3 illustrates an exemplary system in which a cloud distributing data for a distributed filesystem across multiple 
controller manages and accesses data stored in a cloud cloud storage systems in accordance with an embodiment . 
storage system in accordance with an embodiment . 40 FIG . 16A illustrates a set of snapshots that are taken for 

FIG . 4A illustrates the process of generating a cloud file the distributed filesystem over time in accordance with an 
for a snapshot in the context of the exemplary system of FIG . embodiment . 
3 in accordance with an embodiment . FIG . 16B illustrates the process of migrating a cloud file 

FIG . 4B illustrates a set of overlay metadata and a virtual from a first cloud storage system to an archival cloud storage 
cloud file in the exemplary system of FIG . 3 in accordance 45 system in accordance with an embodiment . 
with an embodiment . FIG . 17 presents a flow chart that illustrates the process of 

FIG . 4C illustrates a second cloud controller that responds archiving data for a distributed filesystem in accordance 
to a snapshot sent by the first cloud controller of FIGS . 3 - 4B with an embodiment . 
in accordance with an embodiment . FIG . 18 illustrates a distributed filesystem in which a 

FIG . 4D illustrates the process of accessing data from a 50 cloud controller issues peer cache requests to one or more 
cloud file in accordance with an embodiment . peer cloud controllers in accordance with an embodiment . 

FIG . 4E illustrates an alternative exemplary cache con FIG . 19 presents a flow chart that illustrates the process of 
figuration for cloud controllers in accordance with an archiving data for a distributed filesystem in accordance 
embodiment . with an embodiment . 

FIG . 5 presents a flow chart that illustrates the process of 55 FIG . 20 presents a flow chart that illustrates the process of 
pre - fetching data for a distributed filesystem in accordance using a set of overlay metadata in a cloud controller to 
with an embodiment . generate incremental snapshots for a distributed filesystem 

FIG . 6A illustrates a computing device that receives and in accordance with an embodiment . 
forwards requests for filesystem operations in accordance FIG . 21A illustrates metadata - based fragmentation in a 
with an embodiment . 60 storage drive of a cloud controller in accordance with an 

FIG . 6B illustrates a computing device that forwards embodiment . 
requests for filesystem operations to a cloud controller in FIG . 21B illustrates an exemplary partitioning of a disk 
accordance with an embodiment . platter of a storage drive into distinct metadata and data 

FIG . 6C illustrates a cloud controller in which a filesystem storage regions in accordance with an embodiment . 
device driver in a guest operating system forwards requests 65 FIG . 22 presents a flow chart that illustrates the process of 
for filesystem operations in accordance with an embodi - managing metadata and data storage for a cloud controller in 
ment . a distributed filesystem in accordance with an embodiment . 

Liment 
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FIG . 23 illustrates a cloud controller that performs exem FIG . 39 presents a flow chart that illustrates the process of 
plary opportunistic caching and transport termination opera - restoring an archived file in a distributed filesystem in 
tions in accordance with an embodiment . accordance with an embodiment . 

FIG . 24 presents a flow chart that illustrates the process of FIG . 40A illustrates an exemplary distributed filesystem 
transferring and caching a cloud file in a distributed filesys - 5 namespace that includes a number of user and project 
tem in accordance with an embodiment . directories in accordance with an embodiment . 

FIG . 25 illustrates an exemplary distributed filesystem FIG . 40B illustrates an exemplary system organization in 
environment in which the characteristics of the distributed which a cloud controller allows clients to read and write data 
filesystem are guided and / or adjusted by a set of locality being managed by a different cloud controller using global 
policies in accordance with an embodiment . 10 read - write techniques in accordance with an embodiment . 

FIG . 26 presents a flow chart that illustrates the process of FIG . 40C illustrates an exemplary scenario in which a 
adjusting the characteristics of a distributed filesystem using cloud controller 4004 uses a set of filesystem mappings to 
a locality policy in accordance with an embodiment . direct a client request in accordance with an embodiment . 

FIG . 27A illustrates the state of a cloud controller prior to FIG . 40D illustrates an exemplary reassignment and relo 
a delete request in accordance with an embodiment . 15 cation scenario in the context of the namespace illustrated in 

FIG . 27B illustrates the initiation of a delete operation at FIG . 40A in accordance with an embodiment . 
a cloud controller in accordance with an embodiment . FIG . 41 presents a flow chart that illustrates the process of 

FIG . 27C illustrates the execution of the delete process managing a global namespace for a distributed filesystem in 
initiated in FIG . 27C in accordance with an embodiment . accordance with an embodiment . 

FIG . 28 presents a flow chart that illustrates the process of 20 FIG . 42 illustrates an exemplary scenario in which a cloud 
deleting a file from a distributed filesystem in accordance controller that is co - located with a cloud storage system 
with an embodiment . performs anti - virus scans for all of the data that is written to 

FIG . 29A illustrates the process of writing new data the distributed filesystem in accordance with an embodi 
blocks in an exemplary deduplication architecture in accor - ment . 
dance with an embodiment . 25 FIG . 43 presents a flow chart that illustrates the process of 

FIG . 29B illustrates an exemplary temporal deduplication performing anti - virus checks for a distributed filesystem in 
architecture in accordance with an embodiment . accordance with an embodiment . 

FIG . 29C illustrates the process of using incremental 
metadata snapshots to update deduplication information in DETAILED DESCRIPTION 
accordance with an embodiment . 30 

FIG . 30 presents a flow chart that illustrates the process of The following description is presented to enable any 
performing deduplication in a distributed filesystem in person skilled in the art to make and use the invention , and 
accordance with an embodiment . is provided in the context of a particular application and its 

FIG . 31 illustrates an environment in which a computing requirements . Various modifications to the disclosed 
device executes an application with cloud controller func - 35 embodiments will be readily apparent to those skilled in the 
tionality in a virtual machine in accordance with an embodi - art , and the general principles defined herein may be applied 
ment . to other embodiments and applications without departing 

FIG . 32 presents a flow chart that illustrates the process of from the spirit and scope of the present invention . Thus , the 
supporting and recovering virtual machines using a distrib - present invention is not limited to the embodiments shown , 
uted filesystem in accordance with an embodiment . 40 but is to be accorded the widest scope consistent with the 

FIG . 33A illustrates an exemplary scenario in which a principles and features disclosed herein . 
client requesting data blocks from a cloud controller expe The data structures and code described in this detailed 
riences a data request timeout in accordance with an description are typically stored on a non - transitory com 
embodiment . puter - readable storage medium , which may be any device or 

FIG . 33B illustrates an exemplary scenario in which a 45 non - transitory medium that can store code and / or data for 
cloud controller delays responses to a client system to avoid use by a computer system . The non - transitory computer 
client timeouts in accordance with an embodiment . readable storage medium includes , but is not limited to , 

FIG . 34 presents a flow chart that illustrates the process of volatile memory , non - volatile memory , magnetic and optical 
avoiding client timeouts in a distributed filesystem in accor - storage devices such as disk drives , magnetic tape , CDs 
dance with an embodiment . 50 ( compact discs ) , DVDs ( digital versatile discs or digital 

FIG . 35A illustrates a typical file copy operation in a video discs ) , or other media capable of storing code and / or 
distributed filesystem in accordance with an embodiment . data now known or later developed . 

FIG . 35B illustrates an alternative “ cloud - aware ” file The methods and processes described in the detailed 
copy operation in a distributed filesystem in accordance with description section can be embodied as code and / or data , 
an embodiment . 55 which can be stored in a non - transitory computer - readable 

FIG . 36 illustrates a cloud controller that uses a filesystem storage medium as described above . When a computer 
abstraction to present a set of cloud commands to a client system reads and executes the code and / or data stored on the 
system in accordance with an embodiment . non - transitory computer - readable storage medium , the com 

FIG . 37 presents a flow chart that illustrates the process of puter system performs the methods and processes embodied 
executing a cloud command in a distributed filesystem in 60 as data structures and code and stored within the non 
accordance with an embodiment . transitory computer - readable storage medium . 

FIG . 38A illustrates an exemplary environment for an Furthermore , the methods and processes described below 
archival restore operation for a distributed filesystem in can be included in hardware modules . For example , the 
accordance with an embodiments . hardware modules can include , but are not limited to , 

FIG . 38B illustrates an exemplary archival restore opera - 65 application - specific integrated circuit ( ASIC ) chips , a full 
tion for a distributed filesystem in accordance with an custom implementation as part of an integrated circuit ( or 
embodiment . another type of hardware implementation on an integrated 
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circuit ) , field - programmable gate arrays ( FPGAs ) , a dedi - such an architecture , a computing device 200 manages 
cated or shared processor that executes a particular software metadata for a filesystem 202 locally , and then sends block 
module or a piece of code at a particular time , and / or other level read / write requests to a remote block storage device 
programmable - logic devices now known or later developed 204 via a storage area network ( SAN ) ( e . g . , by using the 
When the hardware modules are activated , the hardware 5 Internet Small Computer System Interface ( ISCSI ) or a 
modules perform the methods and processes included within Fibre Channel protocol ) . More specifically , block storage 
the hardware modules . device 204 provides only a block storage interface , and is 
Evolution of Network - Based Storage Systems unaware of any filesystem structure associations ( e . g . , file 

The proliferation of the Internet and large data sets has names and / or structures ) for the stored blocks . Such storage 
motivated a range of specialized data storage techniques . For 10 systems typically do not use transactional copy - on - write 
instance , network - attached storage ( NAS ) devices often filesystems , and hence are not data - consistent . 
serve as centralized storage devices that provide large Note that there is a significant distinction between file 
amounts of storage space for a set of heterogeneous clients system - level operations and block - level ( e . g . , disk - level ) 
in an enterprise . Such devices are typically tuned to provide operations . A filesystem typically serves as an intermediary 
a desired level of performance , redundancy ( e . g . , using a 15 between an operating system and one or more block - level 
redundant array of independent disks ( RAID ) ) , and high devices . More specifically , a filesystem typically attempts to 
availability . For example , while typical filesystems may take efficiently manage one or more block - level devices to pro 
a substantial amount of time to recover from a crash ( as the vide more sophisticated storage services to an operating 
system has to process logs and / or journals to correctly system . For instance , filesystems often manage disk blocks 
rebuild modified data that was queued or in the process of 20 and metadata to provide structure ( e . g . , files and directories ) 
being written at the time of the crash ) , NAS devices often and some notion of access rights and data consistency ( e . g . , 
incorporate transactional copy - on - write filesystems , which via file lock operations ) for an underlying block storage 
sacrifice some read performance in exchange for faster crash mechanism . Hence , filesystem - level operations provide a 
recovery . In a transactional copy - on - write filesystem , a file higher level of abstraction ( e . g . , a filename and an ordering 
is not modified in place ; instead , the system uses a delta 25 associated with an underlying set of disk blocks ) for the 
encoding to append modifications ( “ deltas ” ) to the previous block storage mechanism . 
file data . Such encodings increase the overhead associated Typically , a filesystem and an associated block storage 
with read operations , because the system incurs additional device both operate in the context of the same computing 
computation and access time to read and process deltas device , and the block storage device has been specially 
stored at the end of a file . However , this encoding also 30 initialized ( e . g . , formatted ) to support the filesystem . Upon 
ensures that files are " data - consistent ” ( e . g . , reliably incor - receiving a request for a filesystem operation ( e . g . , from an 
ruptible and consistent across crashes and reboots ) , thereby operating system and / or application ) , the filesystem deter 
allowing NAS devices to recover quickly from failures . mines and initiates a set of block - level operations needed to 
Such characteristics and capabilities have made NAS service the request . Hence , there is a notion of “ filesystem 
devices popular in enterprise environments . 35 level information ” ( e . g . , the level of information managed 

Unfortunately , storage scalability can become problem - by the filesystem and received in a request for a file 
atic when data needs outscale the capabilities of a single operation ) and a separate notion of " block - level informa 
NAS device ; providing redundancy across multiple separate tion ” that is used when the filesystem operates upon the 
NAS devices ( as illustrated in FIG . 1A ) can involve sub - underlying block storage device . In the example of FIG . 2 , 
stantial configuration expertise . For instance , consider the 40 the functionality of the filesystem and the underlying block 
scenario of responding to a drive failure . Typically , a redun - storage are split across two different devices ( computing 
dant storage system attempts to restore lost bits and re - device 200 and block storage device 204 ) . As mentioned 
establish redundancy as quickly as possible . However , in above , block storage device 204 provides only a block 
some scenarios , depending on the application and load , the storage interface , and is unaware of any filesystem structure 
storage system may need to place higher priority on con - 45 associations for the stored blocks . Block storage device 204 
tinuing to serve client requests with a specified level of may store filesystem metadata on behalf of filesystem 202 , 
performance , and hence may need to delay restoration but it is filesystem 202 that provides the higher level of 
efforts . Storage systems typically need to be architected very abstraction to the operating system of computing device 
carefully based on expected client needs , application needs , 200 . 
and load characteristics . 50 A number of “ cloud - based storage ” vendors ( also some 

FIG . 1A illustrates a set of clients ( 100 - 102 ) that are times referred to as “ cloud storage providers ” ) attempt to 
configured to access NAS devices ( 110 - 114 ) . Note that simplify storage management by providing large - scale net 
management overhead typically increases in proportion with work storage solutions . Such vendors can leverage econo 
the amount of storage available . For instance , as the number mies of scale to provide data centers with extensive data 
of supported applications and storage space increase , a 55 storage capacity that can then be rented and accessed by 
storage system may need to grow to include a load balancer clients , thereby allowing clients to offload storage manage 
120 between the clients ( 100 - 102 ) and the NAS devices ment overhead and easily increase their data storage on an 
( 110 - 114 ) , as illustrated in FIG . 1B . Load balancer 120 can as - needed basis . However , cloud - based storage also includes 
explicitly partition applications and clients to a given NAS another set of inherent risks and overheads . Storing data 
device , and then route requests accordingly . While initial 60 remotely ( “ in the cloud ” ) often increases access latency , and 
NAS vendors primarily focused on speed and reliability , as network failures and / or outages in cloud - based storage sys 
storage needs have continued to grow NAS vendors have tems can prevent clients from accessing their data for 
also begun to compete by including sophisticated system substantial time intervals . Furthermore , multiple clients 
management solutions that facilitate adapting to different simultaneously accessing a shared data set in a cloud - based 
storage , performance , and failure scenarios . 65 storage system may suffer from data consistency issues . 

FIG . 2 illustrates another network storage system that Consider a scenario where one remote client attempts to 
provides remote storage , but with a disk - level abstraction . In write a set of data to a cloud storage system , and a second 
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remote client attempts to read the data that is being written . may have substantially different sizes . For instance , cloud 
In some systems , a reader may not be able to see the files might be much larger than disk blocks , and hence the 
existence of newly written file data until the entire write data contained in a disk block 316 may occupy only a 
operation has completed ( e . g . , after the first remote client portion of a cloud file 320 . Hence , one pointer field in block 
has closed the file ) . In other ( non - data - consistent ) arrange - 5 record 314 may consist of a block pointer ( labeled " BLOCK 
ments , the reader may see and access the file , but because PTR ” in FIG . 3 ) that points to a specific disk block , while 
writes are stateless and potentially out - of - order ( e . g . , as in another field ( labeled “ CVA & OFFSET ” ) may include both 
the Network File System ( NFS ) protocol ) , does not know a pointer to a cloud file ( also referred to as a “ cloud virtual 
which file sections have already been written , and hence address , " or CVA ) and an offset into the cloud file . 
may access a mix of valid data and garbage . 10 Note that using a transactional filesystem in each cloud 

Embodiments of the present invention combine aspects of controller does involve some additional overhead . As 
NAS capabilities and cloud - based storage capabilities to described above , the transactional filesystem tracks modifi 
provide a high - capacity , high - reliability storage system that cations using delta encoding ( instead of the more typical 
ensures that data can be accessed in a data - consistent read / copy / modify operations used in many non - data - consis 
manner . 15 tent filesystems ) . For instance , consider a 1 KB modification 
Providing Data Consistency in a Cloud Storage System to an existing 3 KB file in a filesystem that supports 4 KB 

In some embodiments , a set of caching storage devices blocks . Using a traditional approach , the filesystem might 
( referred to as “ cloud controllers ” ) collectively cache , man - read out the original 4 KB block , modify the block to reflect 
age , and ensure data consistency for a set of data that is the updates , and then write the modified file back to the same 
stored in a network storage system ( e . g . , a cloud - based 20 block . In contrast , in a transactional filesystem , the original 
storage system , which is also referred to as a cloud storage block is left unchanged , and the filesystem writes out the 
system ) . More specifically , one or more cloud controllers modifications and additional data to another empty 4 KB 
work together ( e . g . , as a federation ) to manage a distributed block . The metadata for the transactional filesystem is 
filesystem with a global address space . Each cloud controller extended to support the notion of partial blocks and deltas 
maintains ( e . g . , stores and updates ) metadata that describes 25 ( e . g . , including one pointer that points to 3 KB of data in one 
the file and directory layout of the distributed filesystem and block and another pointer that points to another block that 
the location of the data blocks in the cloud storage system . contains 1 KB of additional data and a set of changes that 
Each cloud controller can also cache a subset of the data that should be applied to the initial 3 KB of data ) . 
is stored in the cloud storage system . A cloud controller that In some embodiments , using a transactional filesystem 
writes ( or modifies ) data ensures that : ( 1 ) data changes are 30 ( e . g . , transactional filesystem 308 in FIG . 3 ) in a cloud 
reflected in the cloud storage system ; and ( 2 ) other cloud controller facilitates providing ongoing incremental snap 
controllers in the system are informed of file and metadata shots of changes to a cloud storage system and other cloud 
changes . controllers . More specifically , the transactional nature ( e . g . , 
Note that while the cloud storage system stores the data the delta encoding of changes ) can be extended to include a 

for the distributed filesystem , the cloud storage capabilities 35 set of additional metadata structures that track recently 
may be provided by an external vendor . An enterprise changed data in the cloud controller . These additional meta 
storing sensitive data in the distributed filesystem may not data structures can then be used to quickly and efficiently 
want this vendor to be able to access such data , and hence , construct compact snapshots that identify file metadata and 
the cloud storage system may be configured to store the file data that has changed due to recent write operations . 
distributed filesystem ' s data in the form of encrypted storage 40 Note that these snapshots do not involve copying a full set 
volumes ( referred to as “ cloud files ” or “ drive files ” ) . This of metadata and / or every byte that was previously written 
configuration enhances data security , but also prevents the for a file ; instead , such snapshots compactly convey only the 
cloud storage system from actively assisting in ensuring data set of changes for the data set . Sending only a compact set 
consistency and performing other operations that require of changes facilitates maintaining data consistency while 
knowledge of the data and data layout . More specifically , in 45 minimizing the amount of data ( and metadata ) that needs to 
some embodiments the cloud controllers fully manage the be transferred and processed . Sending frequent snapshots 
filesystem and manage data consistency , with the cloud ensures that changes are quickly propagated to other cloud 
storage system providing purely storage capabilities . controllers and the cloud storage system . 

FIG . 3 illustrates an exemplary system in which a cloud In some embodiments , cloud controllers generate separate 
controller 300 ( e . g . , a caching storage device ) manages and 50 metadata snapshots and file data snapshots . Metadata is 
accesses data stored in a cloud storage system 302 . A request typically much smaller than file data , and is needed to access 
server 304 in cloud controller 300 may receive file requests file data . Furthermore , each cloud controller is typically 
from either local processes or via a network from a client configured to maintain ( and update ) the full set of metadata , 
306 . These requests are presented to a storage management but only caches file data that is needed by local clients . 
system that includes a transactional filesystem 308 that 55 Hence , uploading ( or sending ) a metadata snapshot sepa 
manages a set of filesystem metadata 310 and a local storage rately means that the updated metadata will be more quickly 
system 312 . In FIG . 3 , the filesystem structure defined by available to other peer cloud controllers . Each of these peer 
metadata 310 is illustrated as a tree of pointers that define cloud controllers can then determine ( e . g . , based on client 
one or more levels of directories and files residing in data usage and needs ) whether to access the related file data 
directories . Each file is described using a set of ordered 60 associated with the updated metadata . Note that a cloud 
metadata structures that indicate the set of disk blocks that controller may still upload both metadata updates and file 
contain the file ' s data . A set of block records 314 in metadata data updates to the cloud storage system , but may split them 
310 include pointer fields that indicate the location of the file into different sets of cloud files ( or both include the metadata 
data in a disk block 316 in local storage 312 ( if the given with the file data as well as generate another separate , 
block is currently being cached in the storage 312 of cloud 65 duplicative update that includes only metadata ) so that other 
controller 300 ) , as well as the location of the file data in a cloud controllers can access the two separately . In such an 
cloud file 318 . Note that disk blocks 316 and cloud files 318 organization , a cloud controller might then send a message 
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to other cloud controllers specifying the location of the the associated data blocks is available yet . After receiving 
stored metadata snapshot . Alternatively , cloud controllers and processing the second snapshot , the receiving cloud 
may also be configured to send metadata snapshots directly controller determines the presence and location of the first 
to a set of peer cloud controllers . GB of stored data that is now available . At this point , the 

Consider an example of a cloud controller receiving a 5 receiving cloud controller may , if desired , use the received 
request from a client to store a 10 GB file , in an environment metadata to already download and access the available file 
where the network link between the cloud controller and a data from the cloud storage system on behalf of a client . If , 
cloud storage system supports a transfer speed of 1 GB / min - however , a client requests additional parts of the file that 
ute and the cloud controller is configured to send a metadata have not yet been stored in the cloud storage system ( as 
snapshot every minute . Upon determining the scope of the 10 indicated by the metadata in the most recent snapshot ) , the 
file operation , the cloud controller can already allocate a set cloud controller can signal that the desired data is not yet 
of corresponding disk blocks and cloud files , and generate a available , and delay the access . More of the file data 
set of corresponding metadata that indicates the respective becomes available over time , as indicated by the subsequent 
disk addresses and CVAs for the file ' s data blocks . The cloud snapshots . 
controller then uploads the file data to the cloud storage 15 Note that cloud controllers can use the detailed informa 
system over a time interval ( e . g . , roughly ten minutes ) , and tion received in snapshots to provide a range of data access 
sends out metadata snapshots that indicate the existence and and data consistency capabilities . More specifically , each 
location of the data blocks . The cloud controller may convey cloud controller receives ongoing updates that identify valid 
a range of information about the data being uploaded to data , and indicate how to find and access such data . If data 
other cloud controllers depending on the level of transpar - 20 is written to the cloud storage system out - of - order , this is 
ency and availability desired for modified data . For instance , reflected in the received snapshot ( s ) , and the cloud controller 
in some embodiments , the file remains accessible by clients ( and / or a requesting client ) can use such received snapshot 
via the originating cloud controller throughout the upload information to determine how to proceed . 
process . However , other cloud controllers that have received In some embodiments , cloud controllers may use stored 
the corresponding metadata and seek to access modified data 25 snapshot data to provide access to different versions of a file . 
that has not yet been received by the cloud storage system For instance , in the preceding example , a cloud controller 
may receive an indication that the data is not yet available , may allow a client to already access the uploaded ( and 
and that their access attempts should be re - tried at a later acknowledged ) portions of a new file before the file has been 
time ( or after a specified time interval ) . Alternatively , in completely uploaded to the cloud storage system . Similarly , 
some instances , when a set of data has not yet been uploaded 30 the cloud controller may allow the client to access modified 
to the cloud storage system , a client ( and / or cloud controller ) file data as it becomes available in the cloud storage system . 
that hence cannot yet access this data via the cloud storage Alternatively , in other scenarios , when an existing file is 
system may be configured to gain access to the desired data being modified , a cloud controller may be configured to 
by directly interacting with the cloud controller hosting the present a previous version of the file to clients until the 
desired data . Such alternative access techniques may depend 35 complete set of data for the modified version is available in 
on the capabilities and topography of the network connect the cloud storage system . In some embodiments , cloud 
ing the cloud controllers and cloud storage system . controllers may maintain records of past snapshots to allow 

In some embodiments , the originating cloud controller file accesses to be rolled back across multiple different 
may propagate additional intermediate metadata that versions , thereby allowing clients to view historical versions 
informs other cloud controllers as portions of the modified 40 of files and / or the changes made to files over time . 
data become available in the cloud storage system . For In general , the disclosed techniques leverage transactional 
instance , metadata snapshots may indicate files that are in filesystem techniques and snapshots to ensure that only valid 
the process of being uploaded , and include a field that data can be accessed . While these techniques involve some 
indicates whether a given data block has been successfully additional complexity , they also provide an assurance of data 
stored in the cloud storage system . The cloud controller 45 consistency for a distributed filesystem that leverages cloud 
updates ( and propagates ) this metadata as it receives storage . The following sections describe additional aspects 
acknowledgments of receipt from the cloud storage system , of storing and accessing data in the disclosed distributed 
thereby indicating that some of the data being uploaded is filesystem . 
now already available in the cloud storage system . For Generating Snapshots and Cloud Files 
example , immediately after first storing the 10 GB file 50 A number of factors affect the performance of accessing 
locally , the cloud controller may have already reserved 10 data from a cloud storage system . In a typical computer data 
GB of space in cloud files at a given set of CVA addresses is stored locally on a disk , and a number of hardware and 
( e . g . , in the cloud storage system ) , but have not yet trans - operating system mechanisms attempt to minimize the 
ferred any file data . A snapshot sent at this point includes latency of reads and writes . For instance , processors and 
metadata that indicates the existence of the file , but also 55 operating systems strive to load frequently used data into 
indicates that none of the data is available in the cloud memory and multiple levels of hardware caches , thereby 
storage system yet . After one minute , the cloud controller reducing the latency associated with reading data from disk . 
sends out another snapshot containing metadata that reflects Accessing data stored on a cloud storage system involves an 
the set of data that has already been transferred to ( and been additional set of latencies . For instance , in addition to 
acknowledged as received by the cloud storage system . 60 normal disk latency , accessing a cloud storage system may 

In some embodiments , each cloud controller maintains a involve additional latency due to network latency , network 
set of structures that track snapshots and changes in meta - protocol handshaking , network transfer times , and delays 
data , and updates its local metadata to reflect updates from associated with encryption or decryption . One of the chal 
the rest of the distributed system . For instance , a cloud lenges of a distributed filesystem is minimizing such laten 
controller receiving the first snapshot from the above 65 cies as much as possible . 
example may note the creation of a 10 GB file ( as described One factor that can significantly affect the latency of data 
in the above example ) , but then also determine that none of access in the described distributed filesystem is cloud file 
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size . Overly small cloud files can result in higher network information , and information that indicates whether the disk 
negotiation and transfer overhead . Conversely , overly large block has already been successfully uploaded to the cloud 
cloud files can result in large transfer delays ; for instance , a storage system . 
cloud controller that needs only a small piece of data from To ensure data consistency , cloud controllers need to 
a large cloud file that is serially encrypted may need to wait 5 ensure that each cloud controller assigns unique CVAs that 
for the entire file to be downloaded and decrypted before it create non - overlapping cloud files . More specifically , the 
can access the desired data . Determining a reasonable cloud cloud controllers need to collectively manage the global 
file size that maximizes throughput to and from the cloud address space for the distributed filesystem . In some 
storage system may depend on factors such as network link . embodiments , each cloud controller is assigned a unique 
size and latency ( e . g . , transfer speeds ) , local filesystem identifier , the collective set of cloud controllers are associ 
block sizes ( e . g . , making the cloud file size a multiple of a ated with a total amount of cloud storage space , and each 
local block size ) , and CVA pointer sizes or boundaries . cloud controller is pre - allocated a portion of the global 
Another trade - off involves determining whether to use address space . In such embodiments , a cloud controller can 
fixed - sized or variable - sized cloud files . already allocate a cloud file in this pre - allocated address 

Variable - sized cloud files allow some level of customiza - range at the time that it writes a new disk block , and store 
tion to match network and application characteristics , but the CVA of the cloud file in the block ' s metadata . This 
also involve additional complexity to manage the different organization ensures that there are no collisions in allocating 
sizes . Hence , in some embodiments the system reduces cloud file addresses , and also ensures that even the first 
management overhead by using a single fixed cloud file size 20 metadata snapshot for a new disk block already includes an 
( e . g . , 32 MB ) throughout the cloud controllers and cloud accurate ( future ) location of the disk block in the cloud 
storage system . Note , however , that the contents of each storage system . Note that the allocations of the global 
cloud file may vary based on the set of data currently being address space can be adjusted as needed over time if more 
generated or modified . For instance , data blocks being stored data is created on a subset of the cloud controllers . 
for large files ( e . g . , larger than 32 MB in the case of 32 MB 25 While most updates and file changes can propagate 
cloud files ) may be split across two or more cloud files . through the distributed filesystem via incremental snapshots , 
Alternatively , if the current load involves storing data for some data consistency issues can arise if multiple clients 
multiple small files or making a large number of small file accessing two different cloud controllers attempt to simul 
modifications , a corresponding cloud file may contain mul taneously write the same file . Downloading and importing 
tiple user files and deltas . Note also that , in some embodi - > Odi . 30 snapshot data may involve some latency , and thus such 

conflicting operations may lead to race conditions and ments , data and meta - data are always separated into different 
cloud files . In general , cloud controllers may use a range of errors . Hence , in some embodiments , each file is associated 

with a cloud controller that “ owns ” ( e . g . , actively manages ) techniques to stripe chunks of data across cloud files in an the file . For instance , the cloud controller from which a file attempt to optimize subsequent accesses from such cloud 35 en cloud 35 was first written may by default be registered ( in the file 
block metadata ) as the owner ( e . g . , the owning cloud con FIG . 4A illustrates the process of generating a cloud file troller ) of the file . A cloud controller attempting to write a for a snapshot in the context of the exemplary system of FIG . file owned by another cloud controller first contacts the 

3 . As indicated by filesystem metadata 310 , a file ( “ file X ” ) owner with a request to lock the file . The owner can 
includes a set of metadata 400 and a set of disk blocks ( the 40 determine whether to grant or deny the lock request . In some 
highlighted blocks among disk blocks 316 ) that have been embodiments , even if this request is granted , all write 
modified since a previous snapshot . During the snapshot operations may be required to go through the cloud control 
process , cloud controller 300 freezes the pointers in the ler that owns the file ( e . g . , new data is written to the local 
blocks , and determines the set of metadata and data that filesystem of the owning cloud controller ) . Note that while 
should be written out to cloud storage system 302 . The 45 every cloud controller actively manages a set of files , a given 
modified data is then packaged into units that match the cloud controller may not need to continue to cache every 
granularity of cloud files ( e . g . , into 32 MB segments ) , disk block of files that it owns ; once such blocks have been 
optionally encrypted , and then uploaded to cloud storage written to the cloud storage system , they may subsequently 
system 302 . be cleared from the cloud controller to make space for other 

Note that cloud files are also written to in an incremental , 50 needed data . However , the metadata for all of the files in the 
transactional fashion , to preserve data consistency . More distributed system is typically maintained in every cloud 
specifically , new and modified file data is written to a controller . In some embodiments , the system may also 
separate cloud file , as in a transactional filesystem , to ensure include mechanisms for transferring ownership of files 
that the consistency of previous file versions is preserved . between cloud controllers ( e . g . , migrating file ownership to 
Thus , an initial set of data for a given file is written to one 55 cloud controllers that are the primary modifiers of the file to 
cloud file , and later additions or modifications to the file reduce network latency ) . 
detected by a subsequent snapshot are written to a new , Optimizing the Creation of Cloud Files 
different cloud file . Note that a cloud controller may use a range of techniques 

The filesystem metadata for each disk block includes to generate cloud files . For instance , one such technique may 
information that specifically identifies the location and 60 involve : ( 1 ) allocating one or more cloud - file - size memory 
enables the lookup of the disk block in a cloud file . For buffers ; ( 2 ) copying the file and metadata for the cloud file 
instance , the metadata may include one or more of the into a memory buffer ; ( 3 ) encrypting the contents of the 
following : a CVA ( cloud virtual address ) that uniquely memory buffer ; and ( 4 ) uploading the encrypted contents of 
addresses the cloud file ; the offset of the disk block in the the memory buffer to a cloud storage system as a cloud file . 
cloud file ; a physical and logical size for the disk block ; the 65 Note , however , that this technique involves allocating and 
portions of the disk block that are valid ; compression using additional memory buffers , and potentially performing 
information ; a checksum hash value or other checksum a large number of data copy operations . 

files . 
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In some embodiments , a cloud controller generates an may also perform additional file grouping based on user 

additional set of filesystem overlay metadata that allows configuration and / or automatic analysis of file access trends . 
existing file data and metadata to be virtually linked together For example , users may be provided with a way to configure 
into a cloud file view . For instance , the system can construct a policy that reflects anticipated file access patterns , group 
such overlay metadata when writing new blocks ( and cor - 5 ings , and / or priorities ( e . g . , a user policy that indicates files 
responding metadata ) . Alternatively , the cloud controller with a certain extension are likely to be accessed together , 
may instead generate such overlay metadata while traversing and thus should be grouped together ) . 
the filesystem to find changed data to include in the next Note that some cloud files may be partially empty . For 
incremental snapshot . Either way , unlike the above memory - instance , a cloud controller that is generating a snapshot 
buffer technique , this overlay metadata facilitates minimiz - 10 based on a time interval or a cloud controller that is placing 
ing the use of additional resources by creating cloud files " in data into multiple cloud files in parallel to optimize future 
place " ( e . g . , without allocating additional memory buffers or read operations may not have enough data to fill a complete 
additional copy operations ) ; instead , a set of pointers point cloud file . In such scenarios , the cloud controller may simply 
to the original blocks in the transactional filesystem that write out the available data , and leave the wasted space to be 
contain the modified data and metadata . Note that while such 15 reclaimed using a future reclamation operation . For 
additional overlay metadata may involve some additional example , in some embodiments a cloud controller may be 
space and computational complexity , these additional needs configured to : ( 1 ) download file data spread across two or 
are typically small compared to the space and copy overhead more cloud files ; ( 2 ) reassemble the desired data into a new 
associated with other approaches . cloud file ; ( 3 ) upload the new cloud file to the cloud storage 

When creating a snapshot , a cloud controller can access 20 system ; and ( 4 ) distribute a metadata snapshot that updates 
the overlay metadata to read , encrypt , and upload the cloud the access information for the affected files . In some sce 
file to the cloud storage system . For instance , the overlay narios , such optimizations may be performed by the cloud 
metadata may facilitate accessing the virtual cloud file via a controller that owns the files , and involve locking the files 
special filesystem directory that presents a view of the during the cloud file defragmentation process . In scenarios 
disparate data blocks as a single , consolidated cloud file that 25 where locking files for a long interval is undesirable , such 
can be read and transferred . In many scenarios the cloud operations may involve : ( 1 ) maintaining the previous cloud 
controller primarily maintains overlay metadata for data that files the final metadata snapshot has been generated ; ( 2 ) 
has not yet been written out to a cloud file ; in some determining that the file data has not changed during the 
embodiments , once the data has been uploaded to the cloud download , reassembly , and upload operations ; and ( 3 ) 
storage system , the cloud controller clears the overlay meta - 30 briefly locking the original cloud files and metadata sections 
data and begins generating new overlay metadata to track until the system can confirm that the updated metadata has 
changes destined for a subsequent set of cloud files . In other been successfully propagated to all of the cloud controllers 
embodiments , a cloud controller may maintain snapshot in the system . If the file data being compacted has changed 
information and overlay cloud files locally for a longer time during the interval , the changes can be discarded and com 
interval ( e . g . , until space constraints on the cloud controller 35 paction can be re - tried at a later time . In some embodiments , 
prompt the removal of infrequently used data ) . compaction operations may be limited to older ( e . g . , less 

FIG . 4B illustrates a set of overlay metadata 410 and a likely to be modified ) cloud files , to reduce the likelihood of 
virtual cloud file 412 in the exemplary system of FIG . 3 . collisions . Alternatively , such operations may involve deter 
During operation , cloud controller 300 uses overlay meta - mining timeframes in which particular cloud files are less 
data 410 to track the metadata 400 and data disk blocks ( the 40 likely to be used , and performing compaction operations at 
highlighted blocks among disk blocks 316 ) that have been those times . 
modified since a previous snapshot . During the snapshot FIG . 20 presents a flow chart that illustrates the process of 
process , cloud controller 300 reads and uploads the virtual using a set of overlay metadata in a cloud controller to 
cloud file 412 presented in the overlay metadata 410 into a generate incremental snapshots for a distributed filesystem . 
cloud file in cloud storage system 302 . Note that the trans - 45 Two or more cloud controllers collectively manage distrib 
actional nature of cloud files can lead to substantial distri - uted filesystem data that is stored in one or more cloud 
bution of file data in a cloud storage system over time . For storage systems . More specifically , the cloud controllers 
instance , files that are modified multiple times across mul cache and ensure data consistency for the data stored in the 
tiple snapshots will be stored in different cloud files . Thus , cloud storage systems , with each cloud controller maintain 
a cloud controller that has flushed the file data ( as described 50 ing a metadata hierarchy that reflects the current state of the 
in more detail in the following sections ) may need to distributed filesystem ( operation 2000 ) . During operation , a 
download and access all of the relevant cloud files to cloud controller receiving new data from a client : ( 1 ) stores 
reconstruct the file at a later time , which may involve the new data in the cloud controller ( operation 2010 ) ; ( 2 ) 
considerable network bandwidth and time . Unfortunately , creates a metadata entry for the new data in the locally 
the initial cloud file for a given file is generated at the time 55 maintained metadata hierarchy ( operation 2020 ) ; ( 3 ) updates 
that the first set of file data is written ; at this time , little is the overlay metadata to point to the metadata entry and the 
known about the likely future access patterns for the file . new data stored in the cloud controller ( operation 2030 ) ; and 

In some embodiments , a cloud controller attempts to ( 4 ) then uses the overlay metadata to generate an incremen 
optimize the placement of data into cloud files to reduce tal snapshot for the new data ( operation 2040 ) . 
future access overhead . For instance , the cloud controller 60 Accessing Cloud Files and Managing Local Disk Layout 
may strive to , when possible , store all blocks for a file in the The previous sections disclose techniques for generating 
same cloud file ( e . g . , assuming the size of the file and / or file snapshots and uploading data to cloud files . Using such 
modifications are smaller than the size of a cloud file ) . techniques , cloud controllers can treat the cloud storage 
Toward this end , the cloud controller may place data into system as an object store . Other cloud controllers receiving 
multiple cloud files in parallel , and avoid storing data for 65 metadata updates can then access data from cloud files as 
multiple files in the same cloud file unless the complete set needed . Furthermore , a cloud controller that has uploaded 
of data for some or all of the files will fit . A cloud controller data can , if needed , flush data that has been uploaded from 
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its local filesystem ( e . g . , “ clear its cache " ) to make space for flushing such data . Each cloud controller tracks the usage of 
other data that is more likely to be needed immediately . its cached data blocks , and strives to cache data blocks that 
Note , however , that a cloud controller flushing data still minimize that latency experienced by clients . 
keeps the accompanying metadata , so that the flushed data FIG . 4E illustrates an alternative exemplary cache con 
can be found and reloaded from the cloud storage system if 5 figuration for cloud controllers in which the local storage 
needed again . capabilities of cloud controller 420 serve as a persistent 

FIG . 4C illustrates a second cloud controller 420 that resident cache ( PRC ) 430 for a subset of the data blocks 432 responds to a snapshot sent by the cloud controller 300 of stored in cloud storage system 302 . In the exemplary con FIGS . 3 - 4A . As described previously , cloud controller 300 figuration of FIG . 4E , a lookup structure 434 ( e . g . , a hash generates a cloud file during a snapshot , and uploads the 10 table comprising one or more levels ) is used to determine cloud file and the ( incremental ) metadata snapshot to cloud whether a desired data block is currently being cached by storage system 302 ( as indicated by ( 1 ) in FIG . 4C ) . Upon cloud controller 420 . Upon receiving a client request ( not receiving confirmation of the successful upload , cloud con 
shown ) , cloud controller 420 traverses filesystem metadata troller 300 then sends a notification to other peer cloud 424 to find the block record 436 for a requested file data controllers ( including cloud controller 420 ) that informs 15 

them of the availability of the new snapshot ( as indicated by block . The CVA and offset from block record 436 are then 
( 2 ) in FIG . 4C ) . Cloud controller 420 then downloads the used to perform a lookup operation ( operation 1 ) in lookup 
metadata snapshot from cloud storage system 302 ( as indi - structure 434 to determine whether the requested file data 
cated by ( 3 ) in FIG . 4C ) , and updates its local metadata block is cached , and , if so , retrieve it ( operation 2 ) . 
accordingly ( as indicated by ( 4 ) in FIG . 4D ) . After updating 20 In some implementations , lookup structure 434 is imple 
the metadata , cloud controller 420 can proceed to download mented as a single - level hash table that is indexed using a 
any desired data from the corresponding cloud files . Note hash value derived from the CVA and cloud file offset 
that in some scenarios cloud controller 300 may also be associated with a requested file data block . In such imple 
configured to directly send the metadata snapshot as part of mentations , the hash lookup determines whether the 
the notification ( 2 ) to cloud controller 420 . 25 requested file data block is cached , and if so , returns a 

FIG . 4D illustrates the process of accessing data from a pointer to the data block ' s location in PRC 430 . If the block 
cloud file . At some point after receiving updated metadata is not cached , the cloud file referenced by the CVA is 
from a snapshot ( as described for FIG . 4C ) , cloud controller downloaded from cloud storage system 302 , the requested 420 receives a request from a client 421 . The storage system data block is loaded into PRC 430 , and lookup structure 434 on cloud controller 420 inspects its updated filesystem stem 30 is updated to point to the now - cached data block . 30 is 
metadata 424 , and determines that the request requires data Unfortunately , a single - level hash table implementation that is not currently cached in local storage 426 . The system 
then uses the lookup information in the block records of the may sometimes become unwieldy and fragmented ; for 

instance , hashing on a per - block basis ( e . g . , basing hash metadata ( e . g . , the CVA and offset values ) to determine the 
appropriate cloud file ( s ) to download . Cloud controller 420 35 valu 420 25 values on a combination of the CVA and offset ) can lead to 
then downloads ( and decrypts , if necessary ) the indicated the hash table becoming sufficiently large that part of the 
cloud files , and uses the offset information in the metadata hash table may be paged out of memory ( e . g . , written to 
to unpack the desired contents of the downloaded cloud disk ) , thus leading to a large number of disk reads which 
file ( s ) . may negatively affect the performance of data accesses . 

In some embodiments , a cloud controller downloads a 40 Hence , in some implementations , lookup structure 434 is 
cloud file into a dedicated memory buffer , and operates structured as a multi - level hash table and / or lookup structure 
directly upon this memory buffer to access the desired data . ( as illustrated in FIG . 4E ) . For example , a CVA may be used 
The cloud file format is easy to operate upon in memory , and to perform a lookup on a level one ( L1 ) hash table to return 
the downloaded data can be accessed very quickly from a second - level structure for the associated cloud file . The 
memory . However , storing such blocks in memory also 45 offset for the data block could then be used to perform a level 
constrains memory use , and ( depending on the application ) two ( L2 ) lookup upon this second - level structure to deter 
client data demands may involve reloading and caching mine whether the requested data block is cached and , if so , 
more data than can be stored in memory . Furthermore , determine the address of the data block in PRC 430 . Note 
operating upon downloaded cloud files purely in memory that lookup structure 434 and the contents of PRC 430 are 
may require a cloud file to be re - downloaded if the cloud 50 stored in persistent storage to ensure that the cached data is 
controller is power cycled . Hence , in alternative embodi - not lost ( e . g . , does not have to be re - downloaded from cloud 
ments , the cloud file is unpacked and re - integrated into the storage system 302 ) if cloud controller 420 crashes and / or 
local transactional filesystem of a downloading cloud con - reboots . 
troller ( e . g . , into the highlighted subset of disk blocks 428 in FIG . 4E can also be used to describe the process by which 
FIG . 4D ) . Integrating downloaded cloud file data into the 55 new data blocks become referenced by lookup structure 434 
local filesystem allows all filesystem accesses to operate in and cached in PRC 430 . For instance , consider a scenario in 
the same manner ( e . g . , as opposed to special memory - buffer which block record 436 is being created for a new data block 
accesses for downloaded cloud file data ) , and facilitates that was just received from a client ( not shown ) . Cloud 
keeping the downloaded data persistent across power cycles . controller 420 can store the new data block in an available 

Note that a cloud controller can choose the target disk 60 space in PRC 430 , and then set the block pointer field in 
blocks that will receive the downloaded data blocks ; for b lock record 436 to temporarily directly point to that loca 
instance , in the context of FIG . 4D , cloud controller 420 is tion in PRC 430 ( e . g . , for an initial timeframe in which the 
not constrained to use the same set of disk blocks used by new data block has not yet been written to cloud storage 
cloud controller 300 to store the same data . In some system 302 as part of a new cloud file ) . After the data block 
instances , this selection process may involve determining 65 has been written to a cloud file , cloud controller 420 can then 
disk blocks containing data that has not been accessed update lookup structure 434 appropriately ( e . g . , with the 
recently ( e . g . , via a least - recently - used ( LRU ) policy ) , and needed hash table entries and structures , and a pointer to the 
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cached block in PRC 430 ) , update the CVA and offset field data is typically much smaller than the actual file data ( e . g . , 
in block record 436 , and then clear the block pointer in block in many scenarios metadata is on the order of 0 . 1 % of the 
record 436 . size of the file data that it manages ) , this arrangement 

Note that the use of a separate lookup structure 434 adds facilitates avoiding fragmentation across a large number of 
a level of indirection that can facilitate updating the system 5 write / flush cycles . 
when disk blocks are flushed from PRC 430 . More specifi - Note that the amount of metadata in a distributed filesys 
cally , when a disk block is being flushed from PRC 430 , tem may , depending on the client and application load , grow 
cloud controller 420 can use the disk block ' s CVA and offset significantly over time . Hence , cloud controllers may need 
to look up and remove the pointer to the data block from the to periodically adjust the number and weighting of disk 
lookup structure 434 . In an alternative embodiment that did 10 regions containing metadata ( and / or a number of allocated 
not use a lookup structure ( e . g . , instead having the block metadata regions ) , so that more blocks that store metadata 
pointer in a block record point directly to a cached data are allocated in proximity to a set of blocks used to store file 
block ) , cloud controller 420 might need to traverse filesys - data . Note also that in some embodiments the filesystem 
tem metadata 424 to find and update a target block record or may attempt to optimize read accesses by trying to store 
maintain a reverse mapping that facilitates looking up the 15 ( where possible ) disk blocks that have been loaded from 
block records for data blocks 432 stored in PRC 430 . cloud files in proximity to their metadata . 

While FIGS . 4A - 4E illustrate filesystem metadata and FIG . 21B illustrates an exemplary partitioning of a disk 
cached data blocks as being logically separate , in practice platter 2110 of a storage drive into distinct metadata 2112 
both metadata and data are interleaved in cloud controllers and data 2114 storage regions . Note that while metadata and 
local storage systems . Some fragmentation issues can arise 20 data are written to distinct regions ( 2112 and 2114 , respec 
on cloud controllers over time , as cached data is flushed and tively ) , a cloud controller may still attempt to locate meta 
new ( and / or old ) data is loaded from cloud files . Recall that data and data as close together as possible ( e . g . , by choosing 
cloud controllers typically maintain the full set of metadata , target destinations that are in neighboring regions , and as 
but flush actual data as needed . In general , as new data is close together as possible ) . Note also that FIG . 21B illus 
created and written into files , target disk blocks are found to 25 trates only a single example ; allocation strategies may vary , 
store the resulting data and metadata . To optimize reads and resulting in layouts that are not as regular as illustrated 
writes , a filesystem normally places metadata in close prox - and / or are adjusted over time . For example , metadata is 
imity to its referenced data . However , such organization can typically accessed more frequently than data , so one layout 
lead to fragmentation issues for a system in which data can policy may involve biasing toward storing metadata on 
be flushed ( and reloaded ) , but metadata remains persistent . 30 “ faster ” sectors ( e . g . , on the outer edge of a disk platter , 
More specifically , if such data is stored interleaved and where spatial density is higher ) and data on “ slower ” sectors . 
relatively continuously ( e . g . , to improve read access ) , the The actual layout of metadata and data storage regions may 
subsequent holes left by flushed data may be refilled with also be determined based on an expected ( or tracked ) load 
new metadata and data . Over time , these operations lead to for the cloud controller and / or its clients . 
substantial fragmentation , with small pieces of metadata 35 FIG . 22 presents a flow chart that illustrates the process of 
strewn across the disk and a rarity of larger contiguous disk managing metadata and data storage for a cloud controller in 
areas that can be used to store new file data . In some cases a distributed filesystem . Two or more cloud controllers 
disk defragmentation techniques may be used to alleviate collectively manage distributed filesystem data that is stored 
some of these issues , but defragmentation is typically both in one or more cloud storage systems . More specifically , the 
time - and disk - intensive , and client data access performance 40 cloud controllers cache and ensure data consistency for the 
may be degraded during the defragmentation process . data stored in the cloud storage systems , with each cloud 

FIG . 21A illustrates metadata - based fragmentation in a controller maintaining ( e . g . , storing ) in a local storage 
storage drive 2102 of a cloud controller 2100 . Over time , device : ( 1 ) one or more metadata regions containing a 
opportunistic writes result in metadata blocks 2104 being metadata hierarchy that reflects the current state of the 
randomly spread across the disk platters of storage drive 45 distributed filesystem ; and ( 2 ) cached data for the distributed 
2102 . As a result , it can be difficult to find large , contiguous filesystem ( operation 2200 ) . During operation , the cloud 
areas in which to write related file data . Splitting related file controller receives an incremental metadata snapshot that 
data across multiple small , separated disk areas involves references new data written to the distributed filesystem 
additional seek and rotational latency , thereby increasing the operation 2210 ) . The cloud controller stores updated meta 
total latency for both the initial write as well as subsequent 50 data from this incremental metadata snapshot in one of the 
reads . metadata regions on the local storage device ( operation 

In some embodiments , the block allocation policy used in 2220 ) . 
a cloud controller ' s transactional filesystem is altered to In some embodiments , metadata and data may be divided 
prioritize a selected set of disk sectors toward either data or across multiple storage volumes ( e . g . , multiple storage 
metadata . More specifically , by dynamically weighting 55 devices or redundant arrays of independent disks ( RAIDs ) ) . 
some disk regions toward metadata , the filesystem can Storing metadata and its associated cached data on different 
create dedicated , metadata areas on the disk that are distinct storage volumes facilitates reducing seek latencies by allow 
from their respective data blocks , and no longer interleaved ing metadata and cached data to be accessed in parallel from 
on a per - file basis . While distinct , these metadata areas can their respective storage volumes . Note that such organiza 
still be allocated in close - enough proximity to the data 60 tions may still involve splitting ( and balancing ) metadata 
blocks that they reference that both can be read without and cached data across the different volumes ; for instance , 
substantially degrading performance . When data is subse - the metadata and cached data may be split such that each 
quently flushed , all of the disk blocks holding data are volume stores a subset of the metadata and a subset of the 
cleared , and new data and metadata can be written into the cached data , but no individual volume stores cached data 
disk region ; new metadata is written into the disk blocks 65 referenced by its stored metadata . Such an arrangement 
weighted toward metadata , while the new data blocks can be allows metadata to be accessed in parallel from all of the 
stored into the nearby ( flushed ) disk regions . Because meta - volumes when high throughput is needed , while also still 
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allowing associated sets of metadata and cached data to be may be acceptable , recurring access delays may cause a 
accessed in parallel . Note also that each individual module noticeable delay and substantial user frustration . In some 
may still be partitioned into metadata and data regions , to embodiments , pre - fetching techniques facilitate reducing 
avoid the same fragmentation issues described above . the access latency experienced by a user accessing files from 

In some embodiments , a cloud controller may arrange 5 a distributed filesystem . 
data cached in local storage to optimize performance . For In some embodiments , a cloud controller predictively 
instance , the level of indirection described in FIG . 4E ( e . g . , pre - fetches additional cloud files in an attempt to reduce 
by the lookup structure 434 used to track cached data blocks access latency . For instance , upon receiving a request to 
in PRC 430 ) facilitates rearranging cached data that was access a given data block for a file , a cloud controller may 
previously written to a storage device . For example , some 10 analyze the metadata for the file and then predictively 
applications and / or file formats continually append new data pre - fetch other cloud files that contain other nearby data 
at the end of a file , thereby introducing potential fragmen - blocks ( or even all other data blocks for the file , depending 
tation in a cloud controller that caches the data blocks for on the file size ) . Alternatively ( and / or additionally ) , the 
such a file . More specifically , while a cloud controller may cloud controller may also pre - fetch data for other associated 
be configured to try to place new data for such a file in 15 files that are likely to be accessed in conjunction with the 
proximity to the file ' s other cached data as new parts of the original file . For instance , when a user browses a given file 
file are created , downloaded , and cached , in some situations directory , the cloud controller may pre - fetch the first data 
this may not be possible ( e . g . , if there are currently no free block for every file in that directory and the contents of each 
data blocks in the vicinity of the other data blocks previously subdirectory to anticipate the user ' s next actions . Alterna 
cached for the file ) . To alleviate such situations , a cloud 20 tively , the cloud controller may pre - fetch files that are 
controller may be configured to track file accesses to deter - known to be associated with a requested file ( e . g . , an icon 
mine access trends and performance , and periodically per file that contains an icon representation for a selected file , 
form a " defragmentation ” operation for cached data to along with any other support files for the requested file ) . In 
selectively relocate the cached data blocks for one or more such situations , the cloud controller can traverse its stored 
files into a contiguous section of local storage , thereby 25 set of metadata to look up the physical locations ( e . g . , the 
improving read performance . Such defragmentation opera - CVAs and offsets ) for cloud files that should be pre - fetched 
tions may involve copying a set of cached data blocks to a from the cloud storage system . 
new location , updating lookup structures accordingly , and FIG . 5 presents a flow chart that illustrates the process of 
then freeing the original locations of the cached blocks . pre - fetching data for a distributed filesystem . During opera 

In some embodiments , a cloud controller may be config - 30 tion , a cloud controller that maintains a set of metadata for 
ured to perform defragmentation operations for cached data the distributed filesystem receives a request to access a data 
blocks based on a range of factors . For instance , a cloud block for a file ( operation 500 ) . The cloud controller tra 
controller may track usage statistics for file data blocks on verses the metadata to identify a metadata entry that is 
an ongoing basis , and then use such tracking information to associated with the data block ( operation 510 ) , and then uses 
ensure that cached data blocks that are frequently accessed 35 this metadata entry to download a cloud file containing the 
together are grouped together in the local cache . However , data block from a cloud storage system ( operation 520 ) . 
because tracking and defragmentation in general ) can While performing these operations , the cloud controller 
involve fairly high overhead , a cloud controller may alter - additionally determines that an additional cloud file in the 
natively be configured to track and configure specific file cloud storage system includes data that is likely to be 
types that are known to exhibit fragmentation , or to empha - 40 accessed in conjunction with the data block ( operation 530 ) , 
size optimizing frequently accessed files whose tracking and proceeds to pre - fetch this additional cloud file from the 
data indicates a certain common access pattern ( e . g . , a cloud storage system ( operation 540 ) . 
contiguous access pattern ) . In some embodiments , a locality Note that NAS workloads are very user - based , and hence 
policy may be used to specify : ( 1 ) specific file types to be can be quite random as a large number of users access a 
considered and / or emphasized for defragmentation ; ( 2 ) spe - 45 fairly random set of files ; the amount and range of pre 
cific access patterns to detect and optimize for ; and ( 3 ) a fetching performed may vary based on factors such as the 
frequency and / or time interval for performing fragmentation available network bandwidth , cloud controller load , and 
checks and / or operations . types of accessing clients or applications . For instance , a 
Pre - fetching Cloud Files basic optimization may involve pre - fetching data for other 

As mentioned previously , cloud files are also written to in 50 files in the same directory as the current file being accessed . 
an incremental , transactional fashion . For instance , files that More sophisticated pre - fetching techniques may involve 
are written and / or modified across multiple snapshots may receiving application ( or user ) feedback that specifies file 
have data stored in different cloud files . Unfortunately , associations and / or files that are likely to be needed soon . 
accessing data split across multiple cloud files can increase Cloud controllers may also be configured to track access 
access latency substantially . Consider a client that sends a 55 patterns over time to determine files and file sections that 
request to a cloud controller to access a data block in a file . have temporal locality . For example , consider a large ( e . g . , 
The cloud controller inspects its current set of metadata , terabyte - sized ) set of seismic data that is typically accessed 
determines that the data block is not currently cached , sequentially . Cloud controller tracking may : ( 1 ) detect the 
downloads the corresponding cloud file containing the data sequential nature of the data ; ( 2 ) make note of this behavior 
block , and presents the data block to the client . The client 60 in the file ' s metadata ; and then ( 3 ) perform selective pre 
may then request additional data blocks from the same file . fetching upon successive accesses to ensure that each sub 
In some scenarios , all of these blocks will have been stored sequent cloud file is pre - fetched , thereby providing latency 
in the same cloud file , and are now available in the cloud free file access for a client . Note that some of these 
controller . If , however , some of these file blocks are in techniques may also facilitate initially grouping commonly 
another cloud file , the client will have to endure additional 65 accessed files and / or data blocks into the same cloud file so 
network , download , and processing latencies as one or more that they can be accessed more efficiently at a later time . 
additional cloud files are accessed . While an initial delay Pre - fetching configurations may be specified and custom 
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ized for a range of different granularities ( e . g . , globally , tion ” for the remaining unneeded portion of the cloud file , 
per - site , or for individual cloud controllers ) using locality thereby saving network bandwidth . In some implementa 
policies ( as described in a following section ) . tions where the cloud file is not encrypted , the cloud 

While the previous paragraphs describe techniques for controller may be able to analyze the metadata from the 
identifying and pre - fetching additional cloud files , pre - 5 cloud file to determine sections of the cloud file that are not 
fetching and caching decisions may also occur at the granu - needed , and instruct the cloud storage system to only trans 
larity of an individual cloud file . As described previously , a fer needed portions of the cloud file . In alternative imple 
cloud file may contain data blocks associated with a large m entations where cloud files are encrypted and compressed 
number of files . However , not all of these data blocks may from beginning to end , additional portions of the cloud file 
be related to and / or useful for a given user request ; further - 10 may need to be transferred . More specifically , the metadata 
more , caching all of the data blocks for every cloud file for the blocks of the cloud file can be stored at the beginning 
accessed by a cloud controller can quickly fill the cloud of the file data , and are analyzed upon receipt and decryp 
controller ' s cache with potentially un - useful data . Hence , in tion . Because of the serial encryption and compression , all 
some embodiments , cloud controllers may be configured to data up to and including a given target data block will need 
analyze local filesystem metadata and metadata from a cloud 15 to be downloaded , decrypted , and decompressed to allow the 
file being downloaded to determine the portions of the cloud target data block to be accessed . If , however , data after the 
file that should be downloaded and / or cached . location of the target data block ( or the location of some 

In some embodiments , a cloud controller performs other beneficial data block later in the cloud file ) is not 
“ opportunistic caching " by using block metadata stored in a determined to be of likely benefit , the cloud controller can 
cloud file to determine other data blocks in the cloud file that 20 instruct the cloud storage system to stop sending any data 
should be downloaded and cached . For instance , the begin after that specified location . In some embodiments , the cloud 
ning of each cloud file may include a set of metadata for each controller can make this determination after receiving and 
data block that is stored in the cloud file . This metadata analyzing the cloud file metadata , thereby ensuring that no 
block specifies , but is not limited to , one or more of the extraneous data is sent from the cloud storage system . Such 
following : a unique filename and / or number that identifies 25 techniques can be particularly beneficial in situations where 
the file in the distributed filesystem that its corresponding cloud files contain data blocks for a large number of unre 
data block in the cloud file is associated with ; a compression lated files ( especially if the target data is near the beginning 
algorithm used to compress the data block ; the logical size of the cloud file ) and in situations where metadata and / or 
of the data block ; the physical size of the data block ; a application hints can indicate that only a limited set of data 
checksum for the data block ; the checksum algorithm used 30 blocks from the cloud file will be accessed . 
to calculate the checksum ; and the type of checksum . The FIG . 23 illustrates a cloud controller 2300 that performs 
cloud controller can analyze distributed filesystem metadata exemplary opportunistic caching and transport termination 
and metadata for the cloud file to determine which data operations . During operation , cloud controller 2300 receives 
blocks may be associated with the current block request , and a request from a client 2302 for a specific file data block . 
hence should be cached . 35 Cloud controller 2300 determines the cloud file 2304 con 
Upon receiving the metadata from the cloud file , the cloud taining the target data block 2306 , and requests cloud file 

controller can determine the unique filenames and / or file 2304 from cloud storage system 302 . Cloud storage system 
identifiers that are stored in the metadata . However , the 302 begins sending cloud file 2304 to cloud controller 2300 ; 
cloud controller may not be able to perform a reverse the first set of data received by cloud controller 2300 is the 
mapping to determine the location ( e . g . , path ) of this file 40 block metadata 2308 for cloud file 2304 . Cloud controller 
data in the distributed filesystem ; for instance , distributed 2300 already has the CVA for cloud file 2304 and the offset 
filesystem metadata may be stored in a manner that opti - of the target data block 2306 in cloud file 2304 , but can use 
mizes using file data structures to determine the CVA for a the additional information included in the ( locally main 
given file but does not include a reverse lookup mechanism tained ) distributed filesystem metadata and the block meta 
that maps file identifiers back to a location in the distributed 45 data 2308 to determine a set of related data blocks 2310 that 
filesystem . If no such reverse mapping is available , scanning should be opportunistically cached in cloud controller 
the metadata of the distributed filesystem to determine the 2300 ' s local cache . Cloud controller 2300 can also deter 
location of a given file ' s data block may involve substantial mine from block metadata 2308 the set of data blocks in 
computation and delay . However , the cloud controller does cloud file 2304 that are not likely to be needed , and inform 
know the location of the requested file data block in the 50 cloud storage system 302 of a transport termination point 
distributed filesystem , and thus can determine the file iden - 2312 in cloud file 2304 ; cloud storage system 302 in 
tifiers for files and directories in proximity to the requested response does not send any of the data blocks in cloud file 
file without substantial additional effort . The cloud control - 2304 that follow transport termination point 2312 . 
ler can compare the set of file identifiers for the data blocks FIG . 24 presents a flow chart that illustrates the process of 
in the cloud file with the file identifiers for these proximate 55 transferring and caching a cloud file in a distributed filesys 
files and directories to determine which data blocks from the tem . Two or more cloud controllers collectively manage 
cloud file should be opportunistically cached ; unrelated data distributed filesystem data that is stored in one or more cloud 
blocks are not cached . As previously noted , related files have storage systems ( operation 2400 ) ; the cloud controllers 
temporal and special locality , and thus are likely to be stored cache and ensure data consistency for the stored data . 
in the same cloud file and accessed again in a substantially 60 During operation , a cloud controller receives a request from 
similar timeframe ; hence , such opportunistic caching tech - a client for a data block of a target file that is stored in the 
niques are likely to cache blocks that will be used in the near distributed filesystem but not currently cached in the cloud 
future , thereby improving access performance . controller ( operation 2410 ) . The cloud controller initiates a 

In some embodiments , a cloud controller downloading a request to a cloud storage system for a cloud file containing 
cloud file may determine from the metadata in the cloud file 65 the requested data block ( operation 2420 ) . As the cloud 
that a large number of data blocks at the end of the cloud file controller begins receiving the cloud file from the cloud 
are not likely to be needed , and request “ transport termina storage system , it uses a set of block metadata in the portion 
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of the cloud file that has already been received to determine In some embodiments , the disclosed forwarding tech 
the portions of the cloud file that should be downloaded to niques facilitate leveraging an existing implementation of a 
and cached in the cloud controller ( operation 2430 ) . request server to reduce implementation overhead and com 
Receiving and Servicing Client Requests plexity . For instance , as described above , implementing 

Client systems typically use network protocols ( such as 5 CIFS involves substantial effort and expense . Hence , some 
the Network File System ( NFS ) and the Common Internet embodiments may provide CIFS capabilities by executing 
File System ( CIFS ) protocols ) to access network - based an operating system ( e . g . , Microsoft Windows Server 2008 
storage systems . CIFS ( also sometimes referred to as Server Core , which includes embedded , high - performance CIFS 
Message Block ( SMB ) ) is a complex application - layer net server functionality with low memory usage ) that can man 
work protocol that includes many application - specific capa - 10 age CIFS requests , but then use a customized filesystem 
bilities that blur the typical separation between filesystems device driver to extract and forward filesystem - level infor 
and applications . When a user accesses a file on a client mation that was received in CIFS requests . Note that this is 
system using software ( e . g . , Microsoft Office ) that supports distinct from techniques that direct file operation requests to 
CIFS functionality , the client system may send CIFS a filesystem ( such as NTFS ) that then directly performs 
requests to the network storage system to inform that the file 15 corresponding block - level operations upon a block storage 
has been opened and to store specific data . The CIFS server device ; forwarding filesystem - level information facilitates 
receiving the request for the file operation recognizes the file adding additional layers of capabilities and services prior to 
type , and can provide application - specific support . For ( or in place of ) performing lower - level storage operations . 
instance , the CIFS server may maintain a network connec - FIG . 6A illustrates a computing device 600 that receives 
tion , and after determining that only that client is accessing 20 and forwards requests for filesystem operations . Computing 
the file , instruct the client to continue to cache file data device 600 executes a request server 608 that receives 
indefinitely . Later , upon detecting that another client is requests for file operations from clients ( 610 - 612 ) in its 
attempting to open the file , the CIFS server can instruct the computing environment 614 . Request server 608 sends 
first client to flush the cached file data , and provide collabo - instructions to a filesystem device driver 616 to perform the 
ration capabilities to both clients . Such functionality can 25 requested file operations . However , instead of managing a 
enhance the user experience , but can complicate the inter - disk drive and disk operations , filesystem device driver 616 
face between clients and storage systems ; crafting a high can be configured to forward filesystem - level information 
performance implementation of the CIFS protocol can associated with the request to a range of other devices and / or 
involve substantial effort and expense . mechanisms . For instance , filesystem device driver 616 may 

In addition to complexity , CIFS also suffers from a range 30 be configured to forward filesystem - level request informa 
of other drawbacks and / or limitations . CIFS does not allow tion to one or more of the following : a cloud storage system 
requests to be proxied ; all requests need to be addressed 302 that is outside local computing environment 614 ; a 
directly to the hosting server , which locks the underlying storage management system 632 on another computing 
data . CIFS is also a “ chatty ” protocol ( e . g . , CIFS generates device 630 ; and / or an NAS device 640 . Note that NAS 
substantial bi - directional status and update traffic ) . In a 35 device 640 may comprise a range of capabilities and archi 
distributed environment , these characteristics can result in tectures . For instance , NAS device 640 may comprise a 
substantial load and latency issues . compute server that uses an NAS filesystem 642 ( e . g . , a 

Embodiments of the present invention combine cloud transactional copy - on - write filesystem ) and a range of local 
controllers with NAS capabilities and cloud - based storage to storage capacities 644 to handle network file requests . 
provide a high - capacity , high - reliability storage system that 40 In some embodiments , an NAS device serves as a cloud 
can be accessed from multiple front - ends via an application controller for the cloud storage system . In this role , the NAS 
layer network protocol ( e . g . , CIFS ) . device presents a standard request interface ( e . g . , CIFS ) to 

In some embodiments , a customized filesystem device clients , and uses local storage capabilities to cache the 
driver in an operating system decouples filesystem function working data set that is being accessed in its local computing 
ality from an underlying block storage mechanism , thereby 45 environment . The high - capacity cloud storage system stores 
allowing filesystem - level information to be forwarded to the full data set for an enterprise , and serves as a backing 
another filesystem and / or data management mechanism . For store for the NAS device . This architecture combines the 
instance , in some embodiments a customized filesystem performance and interface of a local NAS device with the 
device driver in an operating system may forward such capacity of a cloud storage system , while reducing manage 
filesystem - level request information to a range of network 50 ment complexity . 
storage devices and / or distributed architectures that can FIG . 6B illustrates a scenario in which storage manage 
provide enhanced data storage capabilities to client comput - ment system 632 , NAS filesystem 642 , and storage 644 are 
ing devices . co - located on an NAS device , cloud controller 601 . For 

Operating systems often support several standard filesys - instance , filesystem device driver 616 may forward filesys 
tems ( e . g . , the DOS filesystem , the New Technology File 55 tem - level information from requests to storage management 
System ( NTFS ) , and CDROM filesystems ) , but sometimes system 632 , which can then use this information to deter 
also include an open interface that facilitates accessing mine whether file data should be stored ( or accessed ) in NAS 
special devices and providing third - party interoperability filesystem 642 and storage 644 and / or cloud storage system 
( e . g . , to support USB flash drives and filesystems associated 302 . For instance , storage management system 632 may 
with other operating systems , and to allow the development 60 determine how to distribute and / or duplicate file information 
and support of future filesystems ) . In some embodiments , associated with the request between storage 644 and cloud 
such interfaces can be used to create a filesystem device storage system 302 . The local working data set for an 
driver that emulates a local filesystem and storage device to organization is usually relatively small ( compared to the full 
the local operating system , but actually instead forwards enterprise data set ) , and hence can typically fit into a 
filesystem - level request information to ( and receives 65 reasonably provisioned local storage 644 mechanism . From 
responses from ) a non - block - level storage management sys - the client perspective , data access remains substantially 
tem and / or filesystem . similar to the simplest NAS device scenarios described 
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above ; computing device 600 serves as a single point of operations ( operation 720 ) , and then forwards the extracted 
contact , no load balancer is needed to map applications of filesystem - level information to a storage management sys 
clients to specific NAS devices , and clients 610 - 612 are tem ( operation 730 ) . 
unaware of the interaction between storage management FIG . 7B presents a flow chart that illustrates the process 
system 632 and cloud storage system 302 . Note also that 5 of using a guest operating system to forward filesystem - level 
while request server 608 is not limited to receiving requests information . During operation , a cloud controller that serves 
from local computing environment 614 , request server 608 as a front - end for a cloud storage system executes a guest 
may also be configured to service requests for other clients operating system on a virtual machine ( operation 740 ) . 
outside of local computing environment 614 . Similarly , in When this guest operating system receives a request for a file 
some scenarios one or more front - end computing devices 10 Operation from a client computing device ( operation 750 ) , a 
600 may be co - located with cloud storage system 302 . filesystem device driver for the guest operating system 

In some embodiments , filesystem - level information can forwards filesystem - level information associated with the 
be forwarded by executing an operating system with a request to the host operating system of the cloud controller 
desired server capability ( e . g . , Microsoft Windows Server ( operation 760 ) . The host operating system then uses this 
2008 Core ) in a virtual machine . Note that , as above , this 15 forwarded information to manage a file associated with the 
" guest ” operating system does not execute in a stand - alone request in the cloud controller and in a cloud storage system 
configuration ( e . g . , with an underlying NTFS filesystem and operation 770 ) . 
disk drive ) , but instead can be configured to forward file - In some embodiments , the customized filesystem device 
system - level information ( e . g . , CIFS requests ) to ( and driver extracts , tracks , and forwards client file interactions 
receive responses from ) an underlying storage management 20 on a per - file and a per - directory basis . More specifically , 
system that provides data - consistent capabilities . For semantic filesystem - level information included in the appli 
instance , a customized filesystem device driver in the guest cation - layer network protocol ( e . g . , CIFS ) is forwarded by 
operating system can forward request information to ( and the filesystem device driver to a storage management sys 
receive responses from ) a storage management system in the tem . This semantic information can include , but is not 
host operating system . Note that such forwarding behavior 25 limited to : a file name ; a file type ; a requested file operation 
in the guest operating system is distinct from typical storage ( e . g . , a read , write , or update operation ) ; a set of application 
operations for a guest operating system . Typically , upon information associated with the file ; one or more users 
receiving a request for a file operation , a guest operating accessing the file ; and security information for the file . 
system accesses an associated ( virtual ) filesystem and out Cloud controllers can use this information to determine 
puts a block - level storage request that is received and 30 whether a file and its associated information should be 
handled by the host operating system ; hence , no filesystem - cached locally and / or forwarded to the cloud storage system 
level information is sent to the host operating system . In ( or other devices accessing the cloud storage system , as 
contrast , in the described embodiments , the guest operating described below ) . For instance , the storage management 
system forwards filesystem - level information , not block - system may know that certain files will be duplicated and / or 
level information , to the host operating system . 35 shared shortly after being modified , and hence may ensure 

FIG . 6C illustrates a cloud controller 602 that includes all that such files are both cached locally and forwarded to the 
of the above - described capabilities . More specifically , cloud cloud storage system to facilitate the expected duplication 
controller 602 receives requests directly from clients , and operation . 
also serves as a front - end to remote cloud storage system In some embodiments , decoupling a filesystem from 
302 . Cloud controller 602 includes a host operating system 40 underlying block storage devices facilitates transparently 
604 that executes a guest operating system 606 in a virtual changing ( e . g . , either increasing or decreasing ) the amount 
machine . Guest operating system 606 includes a filesystem of storage space accessible by clients . Operating systems 
device driver 616 that forwards requests for filesystem typically assume that filesystem device drivers always man 
operations . A request server 608 ( e . g . , a CIFS server ) in age fixed - size volumes ; storage devices normally have a 
guest operating system 606 receives requests for file opera - 45 fixed size , so this usually is not an issue . However , one of the 
tions from clients ( 610 - 612 ) in its local computing environ benefits of using cloud - based storage is the ability to easily 
ment 614 . Request server 608 sends instructions to filesys - increase data capacity on demand . For instance , for the 
tem device driver 616 to perform the requested file above - described scenario where a cloud controller caches 
operations . However , instead of managing a disk drive and data for a cloud storage system , the amount of space 
disk operations ( and / or using a virtual filesystem to send 50 available to clients can be increased by leasing additional 
block - level requests to host operating system 604 ) , filesys space in the cloud ( network ) storage system and communi 
tem device driver 616 is configured to forward filesystem cating the change to clients as needed ( e . g . , upon request ) 
level information associated with the request to a storage through the filesystem device driver . Hence , in such embodi 
management system 618 in host operating system 604 ( e . g . , ments the customized filesystem device driver and the 
via a virtual device interface in host operating system 604 ) . 55 disclosed caching architecture substantially simplify adjust 
As in FIG . 6B , storage management system 618 then deter - ing data storage capabilities . In contrast , expanding tradi 
mines how to distribute and / or duplicate file information tional storage systems typically may involve shutting down 
associated with the request between local storage 620 and a storage device , physically adding additional storage 
cloud storage system 302 . devices , and then reconfiguring the entire storage system to 

FIG . 7A presents a flow chart that illustrates the process 60 accommodate the added storage space . 
of forwarding filesystem - level information . During opera - In some embodiments , volume size can be changed trans 
tion , a computing device receives a request for a file parently regardless of any pending client operations . In 
operation from a client computing device ( operation 700 ) . In alternative embodiments , the presence of some active file 
response , the operating system of the computing device system connections and / or operations may require some or 
issues one or more filesystem operations for the request 65 all connected clients to be disconnected during volume size 
( operation 710 ) . A filesystem device driver receives and changes ( e . g . , preventing some clients from actively access 
extracts filesystem - level information from these filesystem ing files ) , which may be infeasible or inconvenient . Hence , 
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in some embodiments , the filesystem device driver may be systems in the host operating systems can pass application 
configured to claim an initial fixed size that substantially level request information to one another to ensure that 
overstates the expected amount of storage , to prevent future consistency is maintained . Thus , the disclosed techniques 
resizing logistics . The allocated portion of the cloud storage leverage existing CIFS implementations ( via the guest oper 
system may initially provide only a small subset of this 5 ating system ) , but also extend CIFS capabilities to allow 
claimed storage size , but then subsequently be dynamically multiple CIFS servers to share access to underlying data . 
expanded as needed . In some embodiments , such size con - Note that the storage management systems may not need to 
figurations may be accompanied by user quotas to prevent understand all of the application level information being 
storage space wastage . received via CIFS requests ; in some instances , the cloud 

Note that a filesystem device driver provides a higher 10 controllers may simply forward such information to each 
level of abstraction than techniques that attempt to analyze other . However , for some data access scenarios ( e . g . , mul 
disk - block - level traffic ( e . g . , in the disk - level remote storage tiple clients accessing a shared file via different gateways ) , 
system illustrated in FIG . 2 ) . More specifically , such tech - the storage management systems in each cloud controller 
niques attempt to recreate filesystem information by reverse - may need to track and actively manage file operations to 
engineering block - level storage transactions . However , 15 ensure that data consistency is maintained for the underlying 
because these storage transactions typically do not include data . Note also that receiving and filtering CIFS requests at 
higher - level ( e . g . , file - and directory - level ) information , the cloud controllers can reduce the amount of protocol 
such attempts typically involve substantial effort , and do not chatter that travels over wide - area network links . For 
provide the same level of tracking capabilities . In contrast , instance , a storage management system in a local cloud 
a customized filesystem - level device driver facilitates for - 20 controller may be able to resolve some subset of CIFS 
warding reliable high - level semantic information without requests , thereby eliminating the need to forward associated 
additional processing overhead and without modifying the request information to the other components of the distrib 
guest operating system . uted storage system and reducing request latency . 

In some embodiments , the described techniques provide In some embodiments , an additional network storage 
filesystem - level proxy functionality . In many situations , 25 system may be used to provide another level of redundancy 
proxies are implemented at the abstraction level of network ( and ensure high availability ) . For instance , in FIG . 8 , either 
ing protocols , but this becomes more difficult as network the storage management systems in cloud controllers 800 
protocols become more complicated ( e . g . , by adding appli 802 and / or cloud storage system 302 may be configured to 
cation - specific information , as in CIFS ) . Hence , instead of mirror updates ( e . g . , also send metadata and data snapshots ) 
re - implementing a complicated network protocol , some of 30 to a mirror storage system 804 which is primarily used in 
the disclosed embodiments create a proxy at another , sim - failure situations . For instance , if cloud storage system 302 
pler layer by using a customized filesystem device driver were to crash or become unavailable due to a network 
that extracts and “ tunnels ” ( e . g . , forwards ) filesystem - level partition , cloud controllers 800 - 802 could be configured to 
information to another storage management system . Note temporarily use mirror storage system 804 as their backing 
that a filesystem - level proxy can also provide additional 35 store . As an emergency backup , mirror storage system 804 
benefits . For instance , by emulating a local filesystem and may include fewer resources ( e . g . , a smaller network link 
storage device , the disclosed techniques can also overcome and / or less storage capacity ) than cloud storage system 302 , 
restrictions imposed by certain resource - intensive applica - but still ensure that availability and performance guarantees 
tions ( e . g . , certain databases , email server products , and / or can be met . Note also that cloud controllers may be deployed 
data protection managers ) to only use local storage devices . 40 as mirrored pairs , to ensure high availability across cloud 
Using Multiple Cloud Controllers to Access Cloud - Based controller failures . The following sections discuss redun 
Storage Via CIFS dancy and recovery options in more detail . 

The previous section described some possible architec - Disaster Recovery and Business Continuity 
tures for cloud controllers . As described previously , two or Some embodiments of the disclosed system architecture 
more cloud controllers may work together to collectively 45 support the rapid recovery and / or replacement of cloud 
manage and access a shared set of files that are stored in a controllers . For instance , a new ( or recovering ) cloud con 
cloud storage system . troller immediately begins reading and processing the avail 

FIG . 8 illustrates multiple cloud controllers 800 - 802 ( as able metadata snapshots ( e . g . , in the case of a recovering 
individually illustrated in FIGS . 3 - 6C and described above ) cloud controller , the set of incremental metadata snapshots 
that collectively manage data in cloud storage system 302 . 50 written to the cloud storage system since the cloud controller 
Both cloud controllers 800 - 802 support application - layer went offline ) . Because metadata is relatively small in com 
network requests ( e . g . , CIFS requests ) from their respective parison to the actual file data , this process can be performed 
clients , and then collectively ensure data coherency and more quickly than transferring a full data set . A cloud 
access performance for the shared data . As described pre controller with relatively up - to - date metadata can immedi 
viously , storage management systems in cloud controllers 55 ately begin processing client requests ; while the cloud 
800 - 802 incorporate aspects of a transactional copy - on - controller may not yet have the requested data ( or any data 
write filesystem , thereby ensuring that file operations are at all ) cached , once it has retrieved a sufficient set of 
data - consistent and that the system can quickly recover from metadata it can already identify and access the cloud files 
crashes . containing requested file data . 
Note that the described architecture can overcome limi - 60 In some embodiments , one or more additional cloud 

tations in an application - layer network protocol . As controllers serve as backups for an existing set of cloud 
described above , CIFS does not allow requests to be prox - controllers . These additional backup cloud controllers can 
ied , and requires that a single hosting server manage the take over the load of damaged and / or failing cloud control 
underlying filesystem . However , the disclosed filesystem lers to provide disaster recovery and business continuity . 
forwarding mechanisms provide a level of abstraction where 65 FIG . 11A illustrates a set of cloud controllers 1100 - 1112 
each guest operating system assumes it is the sole manager that manage and access data stored in a cloud storage system 
of the shared data . The underlying storage management 302 . Backup cloud controller 1100 serves as a “ hot backup ” 
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for cloud controllers 1102 - 1112 . During operation , cloud controller , which then caches that specific data ) and / or 
controllers 1102 - 1112 write incremental snapshots contain allowing system users and / or administrators to select the set 
ing new metadata and data to cloud storage system 302 . of data that is cached on the backup cloud controller ( e . g . , 
Cloud controllers 1102 - 1112 continuously receive incremen - using locality policies , as discussed in a following section ) . 
tal metadata snapshot updates ( e . g . , either from cloud stor - 5 FIG . 11B illustrates the system of FIG . 11A after the 
age system 302 , as shown , or directly from the other cloud failure of a cloud controller , 1102 . Backup cloud controller 
controllers ) , and update their local metadata with these 1100 , which was previously primarily synchronizing meta 
updates to maintain a current view of the data stored in the data ( and perhaps predictively downloading some of the data 
distributed filesystem . Cloud controllers 1102 - 1112 also cached by cloud controllers 1102 - 1112 , as described above ) , 
download data ( e . g . , stored in cloud files ) from cloud storage 10 takes over the load of failed cloud controller 1102 , and 
system 302 in response to data requests from a set of clients begins servicing requests from clients 1114 - 1116 . More 
1114 - 1130 . specifically , because of its ongoing metadata synchroniza 
Note that in FIG . 11A backup cloud controller 1100 is not tion efforts , backup cloud controller 1100 can already pro 

associated with any clients , but is instead configured to take vide clients 1114 - 1116 instant access to any needed meta 
over the load of another failing cloud controller . In some 15 data , and can either serve locally cached data or access the 
embodiments , backup cloud controller 1100 does not ( in its cloud storage system as needed in response to client data 
backup role ) serve data to any clients ; instead , backup cloud requests . Note that a backup cloud controller will generally 
controller 1100 primarily receives and synchronizes the be configured to stop performing general caching efforts 
metadata updates sent by cloud controllers 1102 - 1112 to after taking over the role of a failed cloud controller , at this 
maintain a current view of the data stored in the distributed 20 point , the backup cloud controller typically manages its 
filesystem . In some alternative embodiments , backup cloud cache in a manner that optimizes the performance of the data 
controller 1100 may also be configured to assist with serving requests received from its clients . 
client data requests during times of exceptional system load . In some embodiments , a backup cloud controller may be 

In some embodiments , a backup cloud controller may also located at a location that is distinct from any other cloud 
be configured to predictively download some of the data 25 controller , to ensure that a local disaster or issue does not 
created and / or cached by the other cloud controllers of the also affect the backup cloud controller . However , in alter 
system , in an attempt to download data that is in the working native embodiments , and in embodiments that include mul 
set of other cloud controllers . While a backup cloud con - tiple backup cloud controllers ( which might also serve in a 
troller that is provisioned similarly to the other cloud con - load balancing capacity when needed ) , some or all of the 
trollers can only store a partial subset of the full caches of 30 one or more backup cloud controllers may be co - located 
the combined set of other cloud controllers , caching the full with active ( non - backup ) cloud controllers . Note that in 
set of metadata and at least some of the current data actively scenarios that include multiple backup cloud controllers , 
being operated on in the system can be of benefit if the individual backup cloud controllers may be associated with 
backup cloud controller needs to take over the role of a ( and cache data for ) a distinct subset of the active ( non 
failed cloud controller . 35 backup ) cloud controllers . 
For instance , a backup cloud controller that is configured In some embodiments , backup cloud controllers ( and / or 

to serve as a “ hot backup ” may continuously load the other cloud controllers or other system entities ) may be 
( most - recently - created ) data that was most recently configured to automatically detect the failure of a cloud 
uploaded to the cloud storage system . Due to temporal controller and perform a set of network and / or client recon 
locality , recently created data is very likely to be accessed 40 figuration options that automatically reroute requests from 
again , so in some scenarios caching such data in a backup orphaned clients to a backup cloud controller . In scenarios 
cloud controller may be an optimal caching choice . For where multiple backup cloud controllers are available , 
example , consider a scenario in which a set of globally backup cloud controllers may also be configured to periodi 
distributed cloud controllers collectively manage data stored cally track the network latency and bandwidth between each 
in a cloud storage system . Due to geographic constraints , 45 backup cloud controller and non - backup cloud controller ; 
only a subset of the cloud controllers may be active ( e . g . , such information can assist in determining which backup 
actively servicing client requests ) at a time , thereby allowing cloud controller can provide better service to the orphaned 
a backup cloud controller using the above - described tech - clients . In alternative embodiments , rerouting requests from 
nique to cache a larger portion of each active cloud control orphaned clients to a backup cloud controller may involve 
ler ' s active data set . In the most extreme scenario , if only 50 manual intervention by a system administrator ( e . g . , explic 
one cloud controller is active , the backup cloud controller itly changing a distributed filesystem mapping in a local 
may mirror a substantial percentage of the working set of network to route client requests to the backup cloud con 
that one active cloud controller . If an active cloud controller troller ) . 
fails , the backup cloud controller ' s cache is already loaded Note that transitioning from a failed cloud controller to a 
with much of the recent data . Alternatively , if an inactive 55 backup cloud controller may not be completely transparent 
cloud controller were to fail , the backup cloud controller has from the perspective of orphaned clients of the failed cloud 
more time and leeway ( due to the failing cloud controller ' s controller . For example , a client may have been transmitting 
current inactivity ) to transparently load a data set that more data to be written to the failing cloud controllers , or the 
closely matches the working set of the failed cloud control - failing cloud controller may have been preparing ( or even 
ler . 60 already been transmitting ) data and / or metadata updates to 

Alternatively , if constantly downloading the most - re the cloud storage system . Data in transit to or from a failed 
cently - uploaded data to the backup cloud controller incurs cloud controller should typically be considered lost ; a pri 
too high a bandwidth cost , the backup cloud controller may mary consideration for the distributed storage system is that 
instead be configured to periodically update the local cache no data corruption occurs at the remaining cloud controllers 
( e . g . , hourly ) . Other options include tracking the most - 65 or the cloud storage system . 
commonly - accessed set of files in each cloud controller ( and In some embodiments , depending on the desired failure 
sharing this tracking information with the backup cloud characteristics , the distributed storage system may have 
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different modes of operation . For instance , in some modes of In some embodiments , multiple cloud storage providers 
operation cloud controllers may perform strict ordering of may also be used to provide high availability and disaster 
updates ; e . g . , always upload an incremental data snapshot recovery . For example , data may be mirrored across multiple 
before its associated incremental metadata snapshot , to cloud storage providers to ensure that data is still available 
ensure that the global system metadata isn ' t updated until 5 to clients even if there is an outage in one of the cloud 
the uploading cloud controller has confirmed that both the storage providers . Alternatively , multiple different cloud 
data and metadata have been successfully received by the storage providers that provide different tiers of performance 
cloud storage system . For example , the cloud controller may ( and have different cost structures ) may also be combined to 
calculate checksums ( e . g . , MD5 checksums ) prior to upload balance performance and overall system cost . 
ing each snapshot , and confirm that these checksums match 10 FIG . 13A illustrates a set of cloud controllers 1300 - 1302 
checksums generated by the cloud storage system upon that manage and access data mirrored across multiple cloud 
receiving and successfully storing the snapshots . In the storage systems ( e . g . , multiple cloud storage systems hosted 
worst case , such strict ordering may result in the loss of by multiple distinct cloud storage providers ) . During opera 
some storage space in the cloud storage system ( e . g . , if the tion , cloud controllers 1300 - 1302 write incremental data and 
cloud controller fails after uploading snapshots but prior to 15 metadata snapshots to both cloud storage systems 1304 and 
sending notification of the metadata and / or data updates to 1306 . Load ( e . g . , cloud controller read requests ) may be 
other cloud controllers ) ; this storage space can be recovered balanced between the two cloud storage systems depending 
during cloud - controller recovery or via administrator on a number of desired criteria . For instance , if cloud storage 
actions . systems 1304 and 1306 typically provide comparable per 

In alternative embodiments , incremental metadata snap - 20 formance , but cloud storage system 1304 has a lower 
shots are uploaded first ( to propagate the awareness of new per - access cost because it has occasional outages , the cloud 
data throughout the system as quickly as possible ) , with data controllers may be biased to primarily read from cloud 
snapshots following . In such embodiments , a cloud - control - storage system 1304 , and only access cloud storage system 
ler failure that occurs between the upload of the metadata 1306 when 1304 is suffering from an outage . In another 
and data snapshots may result in metadata references to 25 example , cloud storage system 1304 may be more reliable 
unavailable cloud files . In such situations , data corruption and cheaper than 1306 , but have worse performance due to 
issues may need to be resolved by administrator actions or fewer POPs ( and , as a result , higher network latencies ) ; in 
by inspecting log data to revert the metadata uploaded by the such a scenario , the cloud controllers might be biased to 
failing cloud controller . optimize performance by primarily reading data from cloud 

FIG . 12 presents a flow chart that illustrates the process of 30 storage system 1306 . Note that such choices are mostly 
providing disaster recovery for a distributed filesystem . transparent to the clients of cloud controllers 1300 - 1302 ; 
During operation , two or more cloud controllers collectively clients continue to access cloud controllers as previously , but 
manage the data of a distributed filesystem ( operation 1200 ) . may notice different levels of file access performance 
More specifically , whenever each cloud controller receives depending on the underlying cloud storage system choices 
new data from a client , it sends incremental metadata 35 ( e . g . , the cloud controllers ' caches may hide some , but not 
snapshots for the new data to the other cloud controllers , and always all , of the performance and latency aspects of an 
sends an incremental data snapshot containing the new data underlying cloud storage system ) . 
to a cloud storage system . A backup cloud controller asso - In some embodiments of a distributed filesystem with data 
ciated with the distributed filesystem is also configured to mirrored across multiple cloud storage systems , a cloud 
receive each ( incremental ) metadata snapshot ( operation 40 controller may be configured to immediately write a cloud 
1210 ) , such that , upon determining the failure of a cloud file to a first cloud storage provider ( thereby allowing the 
controller , the backup cloud controller can immediately data to be propagated to other cloud controllers ) , but then 
begin receiving data requests from clients associated with delay the transfer of the cloud file to the mirror to a time 
the failed cloud controller ( operation 1220 ) . when network bandwidth is cheaper . In such embodiments , 
Multiple Cloud Storage Providers 45 the cloud controller may be specially configured to ensure 

Cloud storage providers may be differentiated ( and that the cached local copy of the data in the cloud file is not 
selected ) based on a range of characteristics including , but flushed until after it has been mirrored to the second cloud 
not limited to : storage provider . 

capacity ; FIG . 13B illustrates an exemplary CVA format 1310 that 
cost per unit of storage , network transfer , access , and / or 50 facilitates identifying and locating cloud files across differ 

processing activity ; ent cloud storage configurations . As described previously , 
request response / performance ( e . g . , internal latency when accessing a block from a cloud file involves using a CVA to 

servicing a request ) ; download the needed cloud file and then using the offset into 
frequency and / or severity of outages ( with less reliable the cloud file to access a specific target block . Fields in 

cloud storage providers typically offering cheaper pric - 55 exemplary CVA format 1310 include , but are not limited to : 
ing to make up for the potential unreliability ) ; a cloud controller ID ( CCID ) that uniquely identifies the 

location ( which may involve political concerns ) and net originating cloud controller for the respective cloud file 
work latency ; and ( e . g . , the cloud controller that uploaded the cloud file ) ; a 

level of replication / redundancy and number of points of filesystem ID ( FSID ) that identifies one or more cloud 
presence ( POPs ) ( e . g . , some higher - cost cloud storage 60 storage providers and / or other storage options ; a snapshot ID 
providers may immediately internally replicate newly ( SSID ) that uniquely identifies the updates of each cloud 
stored data to multiple POPs at different geographic controller ( e . g . , each CCID + SSID combination in the sys 
locations , thereby ensuring very high availability and tem is unique ) ; and a file ID ( FILEID ) that identifies the 
low - latency access from anywhere in the world ) . cloud files within each snapshot ( e . g . , each FILEID for a 

Choosing an appropriate cloud storage provider for a dis - 65 given SSID is unique ) . Note that ensuring the uniqueness of 
tributed filesystem may also depend on determining an CVAs can be quite important for avoiding data corruption , 
anticipated data set and access patterns . because cloud storage providers typically serve as “ black 
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boxes ” to the cloud controllers . For instance , a cloud con instruct cloud storage system 1402 to copy cloud file 1400 
troller may not know anything about the organization or directly to cloud storage system 1404 ( operation 2 in FIG . 
layout of data in a cloud storage system , but may simply use 14 ) , thereby saving the overhead ( and additional network 
a CVA to generate a unique file name and / or identifier for a bandwidth ) involved in having cloud controller 1406 be an 
cloud file to be stored to the cloud storage system . For 5 intermediary for the transfer . 
example , in the context of the exemplary CVA format 1310 In some embodiments , multiple factors are considered 
of FIG . 13B , a CVA may be converted to an object ( file ) prior to migrating data between cloud storage providers . For 
name such as : instance , in some scenarios deciding whether to migrate a 

" data - < CCID > : < FSID > - < SSID > : < FILEID > . snp ” given cloud file may involve considering : the cost of storage 
By using such naming conventions , a CVA can easily be 10 at both the source and target cloud storage providers ; a 
used to determine the identifier for the cloud file ; during a variable network bandwidth cost and / or the network band 
subsequent access , the same ( or another ) cloud controller width cost for the transfer ; the access frequency and / or 
can use the same CVA to generate and present the same file history for the contents of the cloud file ; the potential 
name to the cloud storage system and receive in return the performance impact of moving the cloud file to a lower tier ; 
cloud file that was stored in association with that CVA . 15 and the load of one or more cloud controllers . In some 
Hence , the fields of CVA format 1310 need to be sufficiently scenarios , cloud controllers actively monitor the cloud files 
provisioned to ensure that two cloud files are never written and / or data files that they " own " ( e . g . , created ) to determine 
to the same cloud storage system for the same identifier ; for how frequently they are accessed , and then use this infor 
example , CVA format 1310 may include a 64 - bit SSID field mation to determine candidates for migration . For example , 
to ensure that there will never be duplicate snapshot num - 20 a cloud controller may track the most recent access ( e . g . , the 
bers for a cloud controller . last read time ) for individual blocks in its local persistent 

In some embodiments , an FSID field can be used to read cache ( and / or in a persistent read cache that is distrib 
support multiple cloud storage providers . For instance , part uted across multiple cloud controllers ) . After the last block 
of the FSID field may form a bit vector that indicates one or for a cloud file is evicted from the read cache ( e . g . , due to 
more cloud storage providers that are currently storing an 25 not being used recently ) , the cloud controller may initiate a 
associated cloud file . In another example , a cloud controller counter ; if no blocks from the cloud file are used before the 
may use a value stored in a CVA ' s FSID field to perform a counter reaches zero , the cloud file becomes a candidate to 
lookup in a table of cloud service provider credentials . This be moved to a lower tier . Alternatively , the cloud storage 
table may include a list of cloud storage providers that are system may be configured to track how often each given 
currently storing the cloud file , as well as “ cloud account ” 30 cloud file is accessed ; the cloud controller that created a 
information ( e . g . , information identifying a specific user drive file may also check this access log to determine data 
account at a cloud storage provider and credentials that are that is no longer frequently used . Note that the above 
needed to access that user account ) . Note that in addition to scenarios keep a cloud file in the higher tier cloud storage 
accessing different cloud storage providers , a cloud control system if any of its blocks are still being actively used . In 
ler may also be configured to access different cloud accounts 35 other scenarios , such decisions may be more complex ( e . g . , 
at the same cloud storage provider ( e . g . , different user migration choices may also be affected by user - defined 
accounts with different configurations and / or levels of ser - locality policies and / or cost - performance trade - offs ) . 
vice at the same cloud storage provider ) . FSIDs may also be In some embodiments , migrating a cloud file to a different 
used to support other filesystem - level features , such as cloud storage provider and deleting the copy from the 
storage quotas . 40 previous cloud storage provider involves some additional 

In some embodiments , data in the distributed filesystem logistical operations and / or policies to ensure that cloud 
may be split across multiple different cloud storage provid - controllers can still access the cloud file as needed . For 
ers based on factors such as access frequency , age , and cost . instance , in one system metadata may not be updated to 
For instance , new data may initially be written to a higher reflect migrations , and cloud controllers are configured to 
cost cloud storage provider that instantly replicates the 45 incrementally check cloud storage providers in priority order 
stored data across multiple POPs ; this wide initial distribu - ( using the same CVA as an identifier ) until the target cloud 
tion allows other cloud controllers requesting the new data file is found . In other scenarios , the metadata for files may 
( and metadata ) to download it quickly . At some subsequent be updated to indicate that the cloud file has moved . Such 
time , data that is no longer frequently accessed may be indications may range from changing a bit field that is 
migrated into a cheaper lower - tier cloud storage provider 50 associated with a CVA ( but not included in the actual CVA 
( e . g . , a cloud storage provider with higher latency and lower itself ) to actually creating a new CVA that correctly refer 
cost ) and deleted from the first cloud storage provider . Such ences the cloud file on the new cloud storage provider . In the 
moves may be performed asynchronously and as back - latter scenario , updating the metadata may be a multi - step 
ground operations to ensure that users accessing cloud operation . For example , a cloud controller may : ( 1 ) deter 
controllers and data are not adversely affected . For example , 55 mine that a given cloud file should be migrated ; ( 2 ) deter 
data may be migrated to the lower - tier cloud storage pro - mine a new CVA for the cloud file at the new cloud storage 
vider at a time of day when the load of the distributed provider ; ( 3 ) upload the cloud file to the new cloud storage 
filesystem and the cost of network bandwidth are both lower . provider using the new CVA as the identifier ; ( 4 ) upon 

FIG . 14 illustrates the process of migrating a cloud file receiving confirmation of receipt from the new cloud storage 
1400 from a first cloud storage system 1402 to a second 60 provider , update the metadata for all of the file blocks in the 
cloud storage system 1404 . Upon determining that all of the migrated cloud file to point to the new CVA ( ideally without 
contents of cloud file 1400 are no longer being frequently otherwise modifying the access history or other character 
accessed , cloud controller 1406 downloads cloud file 1400 istics for the file blocks ) ; ( 5 ) distribute an incremental 
from cloud storage system 1402 and then writes cloud file metadata snapshot to the other cloud controllers ; and ( 6 ) 
1400 to cloud storage system 1404 ( operation 1 in FIG . 14 ) . 65 after enough time has passed to ensure that the other cloud 
Alternatively , if the cloud storage providers support direct controllers have updated their metadata , delete the cloud file 
transfers , cloud controller 1406 may instead be able to from the old cloud storage provider . 
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FIG . 15 presents a flow chart that illustrates the process of snapshot B ( and are still referenced by snapshot B ) are 

distributing data for a distributed filesystem across multiple considered part of this incremental difference . Furthermore , 
cloud storage systems . During operation , two or more cloud any data blocks that were freed ( e . g . , deleted ) between the 
controllers collectively manage the distributed filesystem snapshots are also considered part of this incremental dif 
data that is stored in one or more cloud storage systems 5 ference . This incremental difference can be logically sepa 
( operation 1500 ) ; the cloud controllers cache and ensure rated into incremental differences in metadata ( e . g . , new 
data consistency for the stored data . Whenever each cloud metadata created to reference newly created file data blocks ) 
controller receives new data from a client , it sends an and incremental differences in data ( e . g . , the actual newly incremental metadata snapshot for the new data to the other created file data blocks ) . In this disclosure , incremental cloud controllers and an incremental data snapshot contain - 10 differences in metadata are referred to as incremental meta ing the new data to a cloud storage system . Data stored in the 
distributed filesystem can be distributed across two or more data snapshots , and incremental differences in data are 
cloud storage systems to optimize performance and / or cost referred to as incremental data snapshots . 

Each cloud controller stores both sets of incremental for the distributed filesystem ( operation 1510 ) . 
Archival Cloud Storage Providers differences ( e . g . , the incremental metadata snapshot and the 

In some embodiments , a distributed filesystem can also incremental data snapshot ) in a cloud storage system . After 
leverage an “ archival ” cloud storage system . Archival cloud uploading an incremental metadata snapshot to the cloud 
storage systems typically provide storage for a very low storage system , each cloud controller notifies the other cloud 
cost , but are equipped with a limited set of storage capa controllers . Each cloud controller then downloads these 
bilities that are geared toward storing data that is infre - 20 incremental metadata snapshots from the cloud storage 
quently accessed . For instance , archival cloud storage sys - system , updates its local metadata based on the downloaded 
tems may be architected such that new data can be received metadata , and then deletes the downloaded incremental 
and written immediately , but read requests for stored data metadata snapshot . Other cloud controllers can then use the 
sometimes involve potentially substantial delays ( e . g . , new metadata to access the new data stored in the incre 
sometimes on the order of multiple hours , or longer ) . Such 25 mental data snapshot ( in the cloud storage system ) . In some 
relaxed service constraints allow the cloud storage provider scenarios , a cloud controller may also receive metadata ( and 
to optimize its data center to substantially reduce costs ( e . g . , data ) directly from other cloud controllers . As mentioned 
by receiving data in a rotating set of active servers and previously , owning cloud controllers maintain data consis 
powering down all other servers and storage devices com tency by arbitrating multiple attempts to simultaneously pletely , thereby dramatically reducing power and cooling 30 write a given file . Cloud controllers can request updates costs ) ; storage costs for archival cloud storage systems may directly from other cloud controllers if the data in the cloud be one or more orders of magnitude cheaper than non storage system ( or in a requesting cloud controller ) is not archival storage systems . While such access constraints may 
not be appropriate for data that is being actively accessed by up - to - date . In this scenario , the cloud controller storing the 
users , such storage capabilities can provide low - cost storage 35 Srage 35 most recent copy of a file will determine the incremental 
options for certain sets of archival data in a distributed difference between what the requesting controller has and 
filesystem . the up - to - date version , and send the incremental difference 

In some embodiments , data writes can be mirrored to an directly to the requesting cloud controller . directly to the requesting cloud controller . 
archival storage system for disaster recovery . In such Stored snapshots can be used for a range of features , 
embodiments , writes can be mirrored as described previ - 40 including , but not limited to : “ rolling - back ” the filesystem to 
ously ( for multiple tiers ) , but the archival storage system an earlier date ; recovering accidentally deleted files ; and 
would typically only be read if a primary ( non - archival ) archiving data from the distributed filesystem . The data 
cloud storage system were to be irretrievably lost ( e . g . , if the structures used to store snapshots facilitate storing periodic 
primary cloud storage provider were to go out of business or snapshots compactly . For instance , a cloud controller may 
suffer from a substantial national disaster ) . In such arrange - 45 store hourly snapshots that capture the full state of the 
ments , data might be sequentially read out of the archival system at each hour interval ; instead of storing each snap 
storage system ( e . g . , in order of priority ) and then immedi shot as a separate entity , however , these data structures may 
ately written into another non - archival cloud storage system . store incremental differences in a manner that is more 

In some embodiments , the distributed filesystem collects compact but still allows each hourly snapshot to be accessed 
and writes a set of archival data that is being retired from 50 as needed . For example , in this scenario the incremental 
active use to an archival cloud storage system . This archived difference would reference the full set of changed data and 
data will typically no longer be directly accessible by cloud metadata for all cloud controllers over the specified time 
controllers , but instead would need to be recovered by an interval ( as opposed to the incremental metadata and incre 
administrator of the distributed filesystem . mental data snapshots , which only specify the set of changed 

As described earlier , cloud controllers notify each other 55 data and metadata for one cloud controller ) . When using 
whenever new data is created in the distributed filesystem . such an organization , accessing a desired snapshot for a 
More specifically , cloud controllers periodically generate previous time may involve creating a copy of an even earlier 
snapshots that reference every block , including both data snapshot , and then applying one or more incremental dif 
and metadata , that is valid and stored in the cloud storage ferences for snapshots subsequent to the earlier snapshot to 
system at the time that the snapshot is taken . These snap - 60 generate the desired snapshot . 
shots are stored using data structures that allow each cloud cloud controller may also periodically create “ full ” 
controller to determine the set of new data and metadata that snapshots ( e . g . , complete , distinct copies of the metadata for 
have been created in a recent time interval . Each cloud the system at a given time that can be accessed without 
controller compares its two most recent snapshots ( e . g . , having to apply incremental differences ) . In summary , in this 
snapshot A and a later snapshot B ) to determine the incre - 65 disclosure : 
mental difference between the two snapshots . For instance , 1 . the term " snapshot ” refers to a complete set of refer 
data blocks that were created after snapshot A but before ences for the distributed filesystem at a given time ; 
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2 . a subsequent snapshot may be accessed by starting with an accidental delete or other similar issue ; if no client or 
an earlier snapshot and applying a set of incremental cloud controller accesses the cloud file during this interval , 
differences ; the cloud file is then moved to the archival cloud storage 

3 . the term “ incremental metadata snapshot ” refers to a set system . One benefit of techniques that track deletes is that 
of incremental differences that identify a set of meta - 5 they can detect and archive files that were created and 
data that has changed on a specific cloud controller deleted between snapshots ( e . g . , depending on the time 
since its previous snapshot ; granularity between snapshots ) . In some embodiments , 

4 . the term “ incremental data snapshot ” refers to a set of snapshot - comparison and delete - tracking approaches can be incremental differences that include a set of data that combined into a hybrid technique that more accurately has changed on a specific cloud controller since its 10 10 archives unneeded data . previous snapshot ; and Note that in some embodiments a cloud file typically is 5 . the term " full snapshot ” refers to a specific type of 
snapshot that can be accessed without having to apply only archived if all of the blocks of the cloud file have been 
any incremental differences between snapshots . deleted ; if any of the blocks have not been deleted , the cloud 

FIGS . 16A - 16B illustrate an exemplary process for 15 file remains in non - archival cloud storage . In alternative 
archiving data in a distributed filesystem . FIG . 16A illus embodiments , individual blocks in a cloud file may be 
trates a set of snapshots that are taken for the distributed archived , and cloud files can be shrunk to conserve cloud 
filesystem over time . For instance , a designated cloud con storage space . For instance , if a subset of the blocks in a 
troller may be configured to write a snapshot on an hourly cloud file are moved to an archival cloud storage system , the 
basis . Note that storing a large number of snapshots may 20 portion of the cloud file remaining in the primary cloud 
consume substantial storage space ( even when using delta storage system may need to be reconstructed to preserve the 
encoding to store incremental differences ) ; hence the system remaining blocks . For example , filling the archived blocks 
may be configured to retire some of the snapshots for older of a cloud file with zeros and then compressing the cloud file 
time intervals . For example , the system may ( as illustrated effectively reduces the amount of storage space needed for 
in FIG . 16A ) store hourly snapshots for a recent set of days , 25 the empty blocks without changing block indexing and 
but then only maintain a select set of daily snapshots for accesses for the cloud file . In a specific ( small ) example , for 
recent weeks , a select set of weekly snapshots for recent an exemplary cloud file containing blocks “ ABC ” , a cloud 
months , and a select set of monthly snapshots for past years . controller archiving block B could generate a modified cloud During an archival operation , a cloud controller analyzes file “ AOC ” for the primary cloud storage system and “ OBO " file metadata changes for a time interval between two 30 for the archival cloud storage system ( where ' O ’ represents snapshots ( e . g . , snapshots 1600 and 1602 ) to determine files a block filled with zeros ) . If block ' C ' were later archived , that existed and were deleted in the time interval 1604 but the blocks could be updated to become “ A00 ” and “ OBC ” , are still actively stored in cloud files in a cloud storage respectively . system . For example , cloud controller 1606 may be able to In some embodiments , a storage administrator manages determine from snapshots 1600 and 1602 ( and / or the inter - 35 
vening and surrounding snapshots ) that a given file that and / or initiates archival operations . Alternatively , such 
existed ( and / or was created ) in snapshot 1600 and deleted in operations may be scheduled at regular time intervals . Note 
snapshot 1602 is still stored in a cloud file in a non - archival that some archival techniques ( e . g . , the snapshot - compari 
cloud storage system . If this deletion occurred sufficiently son technique ) can be initiated on a single cloud controller 
far in the past ( e . g . , more than 30 days ago ) , the cloud 40 that has access to the collected snapshot data . Furthermore , 
controller determines that the active lifespan of this file is archival operations may be initiated as low - priority back 
over , and that any data for the file that is stored in cloud files ground jobs ( in comparison with client accesses ) and / or on 
no longer need to be kept in active storage . a cloud controller during a timeframe that the cloud con 

FIG . 16B illustrates how cloud controller 1606 , after troller typically has low load . Alternatively , such operations 
determining from past snapshots that all of the blocks in 45 may be initiated on a backup cloud controller if available , 
cloud file 1608 were previously deleted , moves cloud file especially if backup cloud controllers are configured to not 
1608 from cloud storage system 1610 to archival cloud receive client requests . Archival transfers can also be timed 
storage system 1612 . As in FIG . 14 , this transfer may to occur when network bandwidth is cheaper . 
involve either cloud controller 1606 as an intermediary In some embodiments , a distributed filesystem may 
( operation 1 in FIG . 16B ) or a direct transfer from cloud 50 include additional tables ( or other structures ) that facilitate 
storage system 1610 to archival cloud storage system 1612 accessing archived data ; note that reading data from an 
( operation 2 in FIG . 16B ) . archival cloud storage system may involve special access 

The archival operation illustrated in FIGS . 16A - 16B techniques and / or administrator assistance . After ensuring 
describes using data gleaned from previous snapshots to that a cloud file has successfully been copied to an archival 
determine data that can be archived . In some embodiments , 55 storage system , a cloud controller can delete that cloud file 
cloud controllers can also actively track deletes to determine from the originating ( non - archival ) cloud storage system . At 
archival candidates . For instance , each cloud controller can this point , the cloud controller may generate an incremental 
keep track of data blocks in the cloud files it previously metadata snapshot to indicate that the metadata stored in 
uploaded to the cloud storage system ( e . g . , by maintaining previous snapshots can no longer be used to access the 
a bitmap for each cloud file ) , and then mark deleted blocks 60 deleted data that was previously stored in the ( now deleted ) 
whenever a file is deleted . When all of the blocks in a cloud cloud files . However , a different set of tracking structures 
file are marked as being deleted , the owning cloud controller will need to be updated to reflect that the newly archived 
can move the cloud file to the archival cloud storage system . data in the archival cloud storage system can still be 
Alternatively , the cloud controller may instead add the cloud accessed if needed . For instance , archived data may be 
file to a special delete list for a specified interval ( e . g . , 30 65 tracked in a separate set of metadata , and indexed by date 
days ) to ensure that the data still remains temporarily such that an administrator can selectively recover and access 
available and quickly recoverable for that interval in case of archived data within a desired timeframe ( e . g . , data that is 
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approximately one year old , data that existed during a Accessing Cloud Controllers as Peer Caches 
certain timeframe , or data that was deleted between two Accessing cloud files involves some overheada cloud 
specified dates ) as needed . controller seeking to download a target file that is not locally 

Note that recovering archived data may also involve cached needs to : ( 1 ) contact a cloud storage system hosting 
recovering archived snapshots . Because only a subset of 5 one or more cloud files that contain the target file ' s data 
snapshots are kept over time , a cloud controller performing blocks ; ( 2 ) download some or all of the target cloud files ; 
an archival operation may also write an old snapshot of the and ( 3 ) if the cloud files are encrypted , decrypt the portions 
distributed filesystem to the archival cloud storage provider ; of the target cloud files that precede and include the target 
these old snapshots can be re - populated into the cloud data blocks . Delaying factors may include the distance and 
controllers at a later point if needed to access cloud file data 10 network latency between the requesting cloud controller and 

the cloud storage system , the load and delay in the cloud that is restored from archives . If the archived snapshot is storage system , the size of cloud files , and the location of the written together with the deleted data that it references , a target block in the cloud file . Furthermore , accessing the recovery operation may recover both simultaneously . For cloud storage system may be associated with an access cost example , the index of archived data may indicate the dele 15 and / or network bandwidth cost . Hence , while a requesting tion timeframe , original lifespan , data size , format , and cloud controller will typically eventually get the file from 
identifier for each archival record , thereby facilitating archi the cloud storage system , accessing the data blocks for the val recovery . target file may involve considerable delay . If another ( peer ) 
Note also that , in some embodiments , archival operations cloud controller in the distributed filesystem is already 

can also be opportunities to defragment and / or reorganize 20 caching desired data blocks , requesting and transferring 
data . As described previously , cloud file size is often chosen cached data blocks from a peer cloud controller potentially 
to balance download throughput and latency ; for data being facilitates accessing the desired file data more quickly ( and 
archived , these are no longer issues , and hence cloud file cheaply ) . 
constraints may be eliminated . For instance , file data dis In some embodiments , cloud controllers can query one or 
tributed across multiple cloud files may be re - written into 25 more of the other cloud controllers of the distributed file 
contiguous files ( that can be recovered more easily in a system to locate and access a needed data block that is 
single access ) regardless of size during archiving . In such already being cached by a peer cloud controller . Each 
implementations , an index of archived files may simply individual cloud controller strives to determine the working 
store filenames , relevant metadata ( e . g . , creation and dele set of its clients and locally cache a set of data that reduces 
tion dates , originating cloud controller , size , etc . ) , and a 30 the average client access latency . However , cloud controllers 
reference identifier to access the data from the archival cloud have limited storage capacity , and hence can only cache a 
storage system . limited amount of data . Inter - cloud - controller cache - sharing 

In some embodiments , cloud controllers can also serve as techniques can effectively increase the size of a cached 
intermediaries to an archival cloud storage provider for working set , thereby potentially reducing average file access 
backup purposes . For instance , cloud controllers may imple - 35 latencies as well as the number of requests that are sent to 
ment a virtual tape library ( VTL ) interface that allows the cloud storage system . Furthermore , such techniques 
clients to perform backups as if the cloud controller were a transfer only the needed data blocks ; in contrast , accessing 
tape backup device , with the data instead being written to the cloud files from the cloud storage system to access the same 
archival cloud storage provider . These techniques allow set of data blocks potentially transfers a larger amount of 
existing client backup infrastructure to be used transparently 40 data ( due to the size and organization of cloud files ) . 
while adding additional capabilities ( e . g . , offsite storage in However , attempts to leverage the caches of other cloud 
the archival cloud storage provider , redundant simultaneous controllers can also introduce additional overhead and trade 
writes to multiple archival cloud storage providers , etc . ) . offs . As described previously , a cloud controller writes new 
Note that the high read latency of archival cloud storage data received from a client to a cloud storage system . The 
providers is comparable to that of typical tape backup 45 cloud controller will typically continue to cache this data 
systems , and hence not a drawback in such usage scenarios . locally while it is actively used by its clients ; data that is no 

FIG . 17 presents a flow chart that illustrates the process of longer actively used is eventually pushed out of the local 
archiving data for a distributed filesystem . Two or more cache by other frequently and / or recently accessed data , but 
cloud controllers collectively manage distributed filesystem can be re - loaded if needed from the cloud storage provider . 
data that is stored in one or more cloud storage systems 50 Thus , while it is possible that other cloud controllers may 
( operation 1700 ) ; the cloud controllers cache and ensure cache data that a requesting cloud controller needs , deter 
data consistency for the stored data . Whenever each cloud mining which cloud controllers are likely to be currently 
controller receives new data from a client , it creates an caching a needed file block is difficult . One option is to 
incremental metadata snapshot for the new data that is query all of the cloud controllers in the distributed filesys 
propagated to the other cloud controllers and an incremental 55 tem . Unfortunately , while broadcasting requests to all cloud 
data snapshot containing the new data that is sent to a cloud controllers increases the probability of finding a cached 
storage system . During operation , a cloud controller deter - block , processing and / or responding to such requests may 
mines that a cloud file in a previously stored data snapshot substantially increase each cloud controller ' s load . As a 
is no longer being actively referenced in the distributed result , broadcast techniques become increasingly inefficient 
filesystem ( operation 1710 ) . For instance , a cloud file from 60 as the number of cloud controllers in the distributed file 
a previous data snapshot may no longer be referenced if all system grows . Furthermore , cloud controllers that are dis 
of the blocks it contains have been deleted some time ago . tributed across a large internal network or wide - area net 
The cloud controller transfers this cloud file from the ( first ) work are typically not be in the same broadcast domain ; 
cloud storage system to an archival cloud storage system hence , broadcasts will require a large number of point - to 
( operation 1720 ) , thereby reducing storage costs while pre - 65 point messages . Such messages can increase network load , 
serving the data in the cloud file in case it is ever needed potentially to the point of slowing down accesses to the 
again . cloud storage system . Directory - based techniques that track 
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the location and status of cached data blocks provide an In a second scenario for FIG . 18 , the distributed filesys 
alternative to broadcast - based techniques , but also require tem also includes a backup cloud controller 1806 , and cloud 
storage space and substantial message update traffic to keep controller 1800 instead sends a peer cache request for the 
the cache directories up - to - date . data block to backup cloud controller 1806 ( operation 3 in 

In some embodiments , cloud controllers are configured to 5 FIG . 18 ) . As described above , backup cloud controllers may 
query a limited subset of peer cloud controllers in the be configured to store the most frequently accessed and / or 
distributed system for cached data blocks . For instance , a recently created data in the distributed filesystem ; in this 
cloud controller may be configured to only send such " peer role , backup cloud controllers are likely to be caching the 
cache requests ” to : one or more co - located cloud controllers ; most useful and most - frequently - requested data blocks in 

the cloud controller that owns ( e . g . , created ) the cloud file · 10 the system , and are therefore logical targets for peer cache 
requests . Furthermore , a backup cloud controller that is not containing a needed data block ; a backup cloud controller ; currently associated with any active clients is likely to be one or more cloud controllers that are determined to be in lightly loaded , and hence able to handle and quickly respond close network proximity to the requesting cloud controller ; to peer cache requests . As in the first scenario , the peer cache and / or one or more cloud controllers that are specified using 15 rear lers that are specinied using 15 request to backup cloud controller 1806 ( operation 3 ) may a locality policy . be issued in parallel with the request to the cloud storage 

In some embodiments , a cloud controller is configured to system 302 ( operation 1 ) . Alternatively , operations 1 and 2 
query the caches of one or more peer cloud controllers for may both be performed in parallel to operation 3 . 
a data block in parallel with sending a request to the cloud In a third scenario for FIG . 18 , cloud controllers 1800 and 
storage system for the cloud file containing the data block . 20 1804 may be co - located at a single geographic location and 
If a target peer cloud controller is indeed caching the data collaborate to split the working set of clients at that location . 
block , it can send the cached data block to the requesting For instance , two or more cloud controllers may be in very 
cloud controller , which can then cancel and / or interrupt the close network proximity and configured to query each other 
transfer of the cloud file from the cloud storage system ( e . g . , using peer cache requests before sending requests for cloud 
depending on whether the cloud storage system is already 25 files to a cloud storage system . In such a collaborative 
transferring the cloud file or is still processing the request ) . environment , a set of tightly bound cloud controllers may 
If the peer cloud controller indicates that it is not caching the operate ( and segment a cache space ) more efficiently if they 
data block ( or does not respond at all ) , the requesting cloud are configured to track what their peer cloud controllers are 
controller still receives the cloud file from the cloud storage caching ( e . g . , constantly update one another with the spe 
system , and caches the requested ( and now received ) data 30 cific set of data blocks that each is caching ) . 
block . Performing these two operations simultaneously : ( 1 ) In some embodiments , cloud controllers may determine a 
ensures that peer cache requests do not increase the worst - target cloud controller for a peer cache request based on a 
case latency for a data block access ; ( 2 ) adds only a small range of criteria . The preceding exemplary scenarios deter 
number of additional network messages and cloud controller m ined targets for peer cache requests based on ownership , 
look - ups ( that are proportional to the number of peer cloud 35 proximity , and / or a specific role ( e . g . , the role of the backup 
controllers that are queried ) ; and ( 3 ) in the best case facili - cloud controller ) , but the disclosed techniques are in no way 
tates transferring needed data blocks to a requesting cloud limited by these examples , and peer cache requests may be 
controller more quickly than would be possible from the routed or partitioned based on other factors . For instance , 
cloud storage system , thereby allowing the requesting cloud cloud controllers may periodically calculate and share both 
controller to quickly present the requested data blocks to a 40 the network latency and bandwidth between cloud control 
requesting client and cancel the parallel request to the cloud lers as well as cloud controller load ( e . g . , how many clients 
storage system before part ( or sometimes even any ) of the are connected to a given cloud controller , and / or how many 
cloud file has been transferred . current requests are currently queued for disk I / O ) , and use 

FIG . 18 illustrates a cloud controller 1800 that issues peer such information when determining the appropriateness and 
cache requests to one or more peer cloud controllers . In one 45 targets for peer cache requests . For example , a requesting 
scenario , upon receiving a request for a data block of a file cloud controller may decide not to send a peer cache request 
from client 1802 , cloud controller 1800 uses the stored if a target cloud controller ' s load is above a specified 
metadata for the distributed filesystem to determine that threshold , or only send high - priority requests in such 
cloud controller 1804 is the owner of the cloud file contain instances . 
ing the data block , and then sends a peer cache request to 50 In some embodiments , cloud controllers may be config 
cloud controller 1804 . More specifically , cloud controller ured to operate in different modes during different times of 
1800 : ( 1 ) uses the stored metadata to determine the CVA for the day . For instance , a cloud controller may be configured 
the data block ; ( 2 ) determines that the data block is not to cache data that is being actively accessed by a set of local 
currently locally cached in cloud controller 1800 ; ( 3 ) iden - clients during a particular time period ( e . g . , daytime work 
tifies cloud controller 1804 as the originating cloud control - 55 ing hours ) . However , when these clients are idle ( e . g . , during 
ler for the data block based on the unique CCID in the CVA ; the night ) , this cloud controller may be configured to replace 
and ( 4 ) sends a peer cache request for the data block to cloud some or all of this cached data with data that is being 
controller 1804 ( operation 2 in FIG . 18 ) . Cloud controller accessed in a different time zone . More specifically , instead 
1804 is targeted for the peer cache request based on temporal of being idle , this cloud controller can be configured to load 
and spatial locality ; as the originator and a previous cacher 60 a different set of data and serve this data to other active cloud 
of the data block , cloud controller 1804 is more likely to be controllers via peer cache requests . Such configurations may 
currently caching the data block , and thus is a good candi - provide substantial improvements to the efficiency and aver 
date for the request . As described above , cloud controller age response time of the other cloud controllers . For 
1800 can send the peer cache request to cloud controller example , depending on the situation , retrieving a small set of 
1804 ( operation 2 ) in parallel with sending a request for the 65 data blocks from a distant cloud controller may still be faster 
cloud file referred to by the CVA to cloud storage system 302 than downloading an entire cloud file from a closer cloud 
( operation 1 in FIG . 18 ) . storage system . Such configurations may be specified and 
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customized for individual cloud controllers using locality and then use this hash key 2908 as an index into hash table 
policies ( as described in following sections ) . 2910 to determine whether the data block has already been 

Note that accessing other cloud controllers as peer caches written previously ( e . g . , determine whether a block entry 
does not involve having to maintain or check coherency for already exists in hash table 2910 for that specific hash key ) . 
data blocks . The characteristics of the transactional filesys - 5 If no block entry exists for the hash key , the filesystem : ( 1 ) 
tem ensure that each data block is unique and read - only writes the data block to storage ; ( 2 ) updates the filesystem 
( e . g . , new data is written to new blocks and new cloud files ) . metadata for the data block to point to the storage location ; 
Thus , requesting cloud controllers only need to be con ( 3 ) creates a new block entry for the data block ( that points cerned with retrieving needed data blocks as quickly as to the storage location and stores an initial reference count possible , and do not need to perform checks to determine 10 of one for the newly written data block ) ; and ( 4 ) updates whether another cloud controller and / or client have modified hash table 2910 so that the index for the hash key points to the contents of the requested data block . Note also that peer the new block entry . Alternatively , if a block entry already cache requests are typically constant - time requests that are exists for the hash key , the filesystem : ( 1 ) accesses the block sent directly to target cloud controllers , and not multi - hop 
queries . entry to retrieve the storage location for the previously 

FIG . 19 presents a flow chart that illustrates the process of written data block ; ( 2 ) updates the filesystem metadata for 
accessing cached data from a peer cloud controller in a the current data block to point to the storage location ( e . g . , 
distributed filesystem . Two or more cloud controllers col - updating the metadata with additional references to an 
lectively manage the distributed filesystem data that is stored existing storage location instead of writing a duplicate data 
in one or more cloud storage systems ( operation 1900 ) ; the 20 block to another storage location ) ; and ( 3 ) increments the 
cloud controllers cache and ensure data consistency for the reference count in the block entry to reflect the additional 
stored data . Whenever each cloud controller receives new reference to the previously written data block . For the 
data from a client , it sends an incremental metadata snapshot example illustrated in FIG . 29A , copies of data blocks 
for the new data to the other cloud controllers and an 2900 - 2904 have previously been written , and lookups of the 
incremental data snapshot containing the new data to a cloud 25 hash keys 2908 for these data blocks in hash table 2910 
storage system . During operation , a cloud controller receives ( operations 1 , 2 , and 3 , respectively , in FIG . 29A ) are 
a request from a client for a data block of a file stored in the associated with block entries 2912 - 2916 . Note that a file 
distributed filesystem ( operation 1910 ) . Upon determining delete operation in a filesystem that supports deduplication 
that the requested data block is not currently cached in the techniques typically involves updating the reference counts 
cloud controller ( operation 1920 ) , the cloud controller sends 30 for the file ' s data blocks in hash table 2910 ( and only 
a peer cache request for the requested data block to a peer actually deleting each given data block and its associated 
cloud controller in the distributed filesystem ( operation block entry when its reference count reaches zero ) . Note also 
1930 ) . that deduplication techniques may be used across data 
Deduplication blocks of different fixed and / or variable sizes ; in some 

A given data block may be stored multiple times in a 35 instances , for instance , a hash function may be configured 
filesystem ; for instance , users may back up or otherwise such that two different - sized blocks that contain the same 
keep multiple copies of the same file , or may send copies of actual data ( e . g . , with one larger block being partially 
a file to other users in their organization . Over time , file empty ) resolve to the same hash value . 
duplication can lead to an increasing number of duplicate In general , deduplication techniques increase the effective 
data blocks and a substantial amount of wasted storage 40 write performance of a storage device by reducing the total 
space . Data deduplication techniques involve calculating number of writes that need to be made to the storage device . 
and tracking hash values for previously written data blocks , More specifically , the ability to detect and prevent duplicate 
and comparing the hash values for newly written data blocks data from being written effectively increases write through 
against these previous hash values to determine whether new put while also reducing the amount of storage space that is 
data blocks have already been previously stored in a file - 45 actually needed . However , deduplication techniques do typi 
system ( and , if so , referencing the existing data block cally involve some additional overhead . For instance , if the 
instead of writing a new , additional data block ) . number of data blocks is large , memory constraints may lead 

FIG . 29A illustrates the process of writing new data to deduplication structures being stored lower in the memory 
blocks in an exemplary deduplication architecture . During hierarchy ( e . g . , on a hard drive ) . In such situations , the 
operation , a filesystem receives a set of data blocks to be 50 architecture illustrated in FIG . 29A may involve additional 
written 2900 - 2904 . A hash function 2906 is used to deter - disk reads to access the hash table 2910 and block entries 
mine hash keys 2908 based on the contents of each data 2912 - 2916 . For example , because hash values are based on 
block that is being written ; this hash function can use one or the contents of data blocks , and not storage locations , a set 
mechanisms to compute unique , random hash values for of data blocks 2900 - 2904 from a single file that are being 
each data block . Note that the deduplication architecture is 55 written contiguously to a storage device may have very 
designed to ensure that the probability of duplicate hash different hash values , and hence be widely spaced across 
keys for two data blocks that contain different data is very different locations in hash table 2910 . As a result , a subse 
small ( e . g . , smaller than the probability of a disk error ) . quent duplicate write of these same data blocks may involve 

The hash keys 2908 generated by hash function 2906 are three distinct hash table lookups ( e . g . , reading three different 
used as indices into a hash table of block entries 2910 ( which 60 disk blocks from potentially different regions of the storage 
is sometimes also referred to as a deduplication , or “ dedup , ” device , with all of the associated seek , rotational , and read 
table ) . Each block entry can include metadata identifying the latencies ) , with each of these lookups requiring a further 
storage location for the data block and a reference count for distinct lookup of a corresponding block entry ( e . g . , reading 
the data block ( e . g . , the number of times that the block is three additional disk blocks , again from potentially different 
currently referenced in the filesystem metadata ) . During 65 regions of the storage device ) . Thus , deduplication opera 
operation , a request to store a new block of data prompts the tions can sometimes involve substantial lookup delays and 
filesystem to calculate a hash key 2908 for the data block overhead . 
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In some embodiments , deduplication techniques can be block entries for the 100 data blocks ) , effectively almost 
extended to encode time information in deduplication struc halving the maximum number of disk reads required and 
tures . For instance , the data structures used to store block potentially dramatically improving deduplication perfor 
entries can be re - architected so that the information for data mance . 
blocks is temporally grouped in a manner that reduces the 5 In some embodiments , temporal deduplication structures 
number of disk reads needed during subsequent deduplica - can be optimized to reduce the number of disk reads even 
tion operations . further . For instance , the block entries of TDS 2922 can be 

FIG . 29B illustrates an exemplary temporal deduplication enhanced so that each block entry includes the hash value for 
architecture that receives write requests for the same three its associated data block and a " next pointer ” that points to 
data blocks 2900 - 2904 illustrated in FIG . 29A . As described 10 the block entry following it in TDS 2922 ( e . g . , block entry 
previously , hash function 2906 is used to generate hash keys pointers 2928 in FIG . 29B ) . Similarly , the last block entry in 
2908 . However , unlike in FIG . 29A , occupied indices of TDS 2922 can be configured to point to the first block entry 
hash table 2920 now point to a temporal deduplication in a subsequent TDS ( e . g . , TDS 2924 ) . These block entry 
structure 2922 that stores temporally related block entries in pointers 2928 allow block entries to be traversed temporally 
proximity with each other . For instance , consider an initial 15 during deduplication operations . For example , during a 
write operation for data blocks 2900 - 2904 . Upon determin - duplicate write of data blocks 2900 - 2904 , the attempt to 
ing that no entry exists in hash table 2920 for the hash key write data block 2900 would still result in the hash table 
for data block 2900 , the filesystem : ( 1 ) writes data block 2920 lookup and the access of TDS 2922 . However , the 
2900 to storage ; ( 2 ) updates the filesystem metadata for data subsequent writes for data blocks 2902 - 2904 might no 
block 2900 to point to the new storage location ; ( 3 ) deter - 20 longer involve lookups in hash table 2920 , but could instead 
mines a current temporal deduplication structure ( TDS ) involve : ( 1 ) traversing block entry pointers from block entry 
2922 that is currently being populated ; ( 4 ) creates a new 2912 to the next two block entries ; ( 2 ) determining whether 
block entry 2912 for data block 2900 in TDS 2922 ; ( 5 ) the hash values stored in these block entries match the hash 
updates a set of lookup structures 2926 in TDS 2922 to keys for data blocks 2902 and 2904 ; and ( 3 ) if so , using these 
reflect the addition of block entry 2912 , and then ( 6 ) updates 25 block entries , thereby avoiding the additional disk reads 
hash table 2920 so that the index for the hash key points to required by additional lookups into hash table 2920 in 
TDS 2922 . The subsequent write requests for data blocks situations where the block entries for contiguously written 
2902 and 2904 proceed substantially similarly , with the data blocks have also been written contiguously into a TDS . 
filesystem : ( 1 ) writing data blocks 2902 - 2904 to storage ; ( 2 ) Using block entry pointers to link each TDS to a subsequent 
updating the filesystem metadata accordingly ; ( 3 ) adding 30 TDS further facilitates efficiently traversing large numbers 
block entries 2914 and 2916 for data blocks 2902 and 2904 of related block entries ; for instance , a filesystem may track 
in the locations subsequent to block entry 2912 in TDS the use of these pointers and then preemptively pre - fetch the 
2922 ; ( 4 ) updating lookup structures 2926 in TDS 2922 to next TDS when approaching the end of a current TDS . In 
reflect the addition of block entries 2914 - 2916 ; and ( 5 ) such embodiments , the previous exemplary scenario of a 
updating hash table 2920 so that the indices for the hash keys 35 duplicate write of a file with 100 data blocks might involve 
for data blocks 2902 and 2904 also point to TDS 2922 . only two or three disk reads , e . g . , one access of hash table 

While creating and populating TDS 2922 involves some 2920 for the first hash key , and one read for each TDS 
additional overhead , subsequent duplicate writes benefit storing the needed block entries ( which are then accessed 
from lower overhead . For example , consider a subsequent sequentially via the TDS using the block entry pointers ) . 
set of duplicate writes for the same three data blocks 40 In some embodiments , multiple sets of block entry point 
2900 - 2904 . Upon determining that an entry exists in hash e rs may be used to form a doubly - linked list of block entries 
table 2920 for the hash key for data block 2900 , the within and between TDSs . Maintaining doubly - linked lists 
filesystem receives a reference to TDS 2922 . The filesystem sometimes involves higher overhead , but can also provide 
can then : ( 1 ) use lookup structures 2926 to find and access performance benefits , for instance in the face of unusual 
block entry 2912 to retrieve the storage location for the 45 write patterns ( e . g . , when a client for some reason performs 
previously written data block ; ( 2 ) update the filesystem a duplicate write for a set of blocks in the reverse order that 
metadata for the current data block to point to the storage the blocks were initially written and ordered in a TDS ) . 
location ; and ( 3 ) increment the reference count in block Alternative embodiments may also involve loading the 
entry 2912 . However , for the second and third blocks , the contents of TDSs into a memory cache of block entries , 
hash key lookups in hash table 2920 both return references 50 thereby speeding up accesses and efficiently supporting 
to the same TDS , TDS 2922 , which was already read from atypical access patterns . 
disk and loaded into memory during the preceding lookup N ote that the concept of temporal deduplication applies 
for the first data block . Thus , while the duplicate write of the not only to individual files , but also to groups of files . Many 
first data block ( 2900 ) still involves two disk reads ( to access automated computing tasks are defined processes ( e . g . , 
hash table 2920 and TDS 2922 ) , the ( duplicate ) writes for 55 automated scripts ) that execute in a very regular , predictable 
the second and third data blocks ( 2902 - 2904 ) only involve manner . For instance , applications are typically written to 
at most one further disk read each ( to access hash table execute in the same way across multiple iterations , e . g . , 
2920 ) , thereby reducing the total number of disk reads compilation jobs typically create files and data in the same 
needed and substantially improving deduplication perfor - order , and directory copy or backup commands will typi 
mance . Consider the duplicate write of a file with 100 data 60 ?ally traverse a directory hierarchy that is being operated 
blocks in a scenario in which each TDS is the size of a disk upon in the same order for every invocation . The above 
block and holds 100 block entries . In this scenario , a described temporal deduplication techniques leverage the 
deduplication operation in the deduplication architecture of notion that things written with temporal locality are likely to 
FIG . 29 A would involve 200 disk reads . In contrast , the be re - written again in the same temporal order ; the disclosed 
deduplication architecture of FIG . 29B would only involve 65 temporal deduplication structures can be used to efficiently 
at most 101 disk reads ( e . g . , 100 accesses of hash table 2920 detect and handle long , contiguous sets of duplicate data 
for the 100 hash keys , and one read of the TDS storing the blocks that are being written by an automated process . 
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In some embodiments , temporal deduplication structures cation table 2956 appropriately ; and ( 3 ) distributes an incre 
can also be optimized to accommodate the subsequent mental metadata snapshot 2958 that reflects the additional 
addition of data blocks to a previously created file . For references and the existence of the new file . If not , cloud 
instance , a filesystem may be configured to reserve some controller 2950 : ( 1 ) allocates new CVA addresses for the 
block entries in each TDS that can then be used at a later 5 new data block ( s ) ; ( 2 ) writes an incremental data snapshot 
time ( e . g . , to add a few additional data blocks to a file , and 2960 containing the new data block ( s ) to cloud storage 
have the block entries associated with those new data blocks system 302 ; ( 3 ) creates one or more new block entries for the 
show up in the same TDS as the rest of the block entries for new data block ( s ) in a TDS in deduplication table 2956 and 
the file ) , in contrast with a purely temporal approach that updates the deduplication hash table accordingly ; ( 4 ) creates 
would add the block entries for subsequent data blocks being 10 new metadata for the distributed filesystem that references 
appended to a previously written file to another , separate ( the CVA addresses and offsets for the new data block ( s ) ; 
TDS that is currently being populated ( and , hence , poten - and ( 5 ) distributes an incremental metadata snapshot 2958 
tially splitting the block entries for the appended file across that reflects these metadata updates to the other cloud 
multiple non - contiguous TDSs , and requiring more TDSs to controllers of the distributed filesystem . Note that both types 
be read in subsequent deduplication operations that involve 15 of operations may occur simultaneously ; for instance , some 
the entire appended file ) . Note , however , that such additional of the new data 2952 received from a client may have been 
capabilities may interfere with some of the advantages of the previously written already , while other parts may be com 
above - described temporal deduplication structures ; for p letely new . For example , a client may take an existing file 
instance , all of the block entries for a given file may still be and append new material ; in this case , a first set of data 
in the same TDS ( e . g . , after an additional block entry has 20 blocks for the file may be identified as duplicate data ( and 
been added to the TDS ) , but an efficient stream of contigu - result in incremented reference counts ) , while a second set 
ous temporal block entry lookups may have been disrupted of data blocks for the file may be identified as new data , and 
as a result . Hence , the decision of whether to reserve some handled accordingly . As a result , incremental metadata snap 
block entries in a TDS for subsequent additions may be shot 2958 may include metadata changes that encompass 
limited to certain situations ( e . g . , files and / or filesystem 25 both additional references to existing data as well as new 
regions that are more likely to be accessed in isolation ) data being written in incremental data snapshot 2960 . 
and / or be selectively specified using a locality policy . Other cloud controllers can make use of the metadata 
Global Deduplication for a Distributed Filesystem updates propagated via incremental metadata snapshots to 

Deduplication techniques can be applied across a range of update their own local deduplication tables . For instance , 
scopes . For instance , the above - described deduplication 30 metadata updates may specify a set of data blocks that are 
techniques can be performed on ( individual ) single - or being referenced , created , and / or deleted , and include the 
multi - user workstations and / or servers to conserve storage hash values and locations ( e . g . , CVA address and offset ) for 
space and increase user - perceived write performance . How each new or newly referenced data block . Hence , in the 
ever , deduplication techniques can be even more effective context of FIG . 29C , a second cloud controller 2962 receiv 
and beneficial when leveraged across a distributed filesys - 35 ing incremental metadata snapshot 2958 will : ( 1 ) update its 
tem that encompasses a large number of users and data files . local metadata hierarchy to reflect the updates to the dis 
More specifically , the types of regular operations that typi - tributed filesystem that were made by cloud controller 2950 ; 
cally cause file duplication ( e . g . , duplicate compilation jobs , and ( 2 ) update its own local deduplication table 2964 to 
recurring backup jobs , the sharing of files between users , reflect any new data blocks and / or reference changes 
etc . ) quite often increase as the size of the filesystem and 40 described in incremental metadata snapshot 2958 . At this 
user base grow , leading to substantial storage space and point , duplicate writes of new data 2952 that are received by 
bandwidth savings for a distributed filesystem . cloud controller 2962 can be detected using deduplication 

In some embodiments , cloud controllers use data dedu - table 2964 . Note that incremental metadata snapshots can 
plication techniques to reduce the amount of duplicate data also propagate information related to deletion requests , 
that is stored in a distributed filesystem . For instance , 45 which can lead to the decrement of reference counts in 
supporting deduplication techniques across the distributed deduplication tables and the eventual deletion of data 
filesystem may involve leveraging incremental metadata blocks ; file deletion operations are described in more detail 
snapshots to update deduplication information in the cloud in a subsequent section . 
controllers that manage the data in the distributed filesystem . FIG . 30 presents a flow chart that illustrates the process of 
Each cloud controller then monitors the writes made by its 50 performing deduplication in a distributed filesystem . Two or 
clients and performs deduplication operations to avoid stor more cloud controllers collectively manage distributed file 
ing duplicate copies of data blocks in the cloud storage system data that is stored in one or more cloud storage 
system . Note that the disclosed deduplication techniques are systems ( operation 3000 ) ; the cloud controllers cache and 
distributed across the cloud controllers ; attempts to perform ensure data consistency for the stored data . During opera 
centralized deduplication operations for a large distributed 55 tion , a cloud controller receives an incremental metadata 
filesystem on a single server typically limit the scalability snapshot that references new data that was added to the 
and performance of deduplication operations . distributed filesystem by a remote cloud controller ( opera 

FIG . 29C illustrates the process of using incremental tion 3010 ) . The cloud controller extracts a set of dedupli 
metadata snapshots to update deduplication information . cation information from this incremental metadata snapshot 
During operation , a cloud controller 2950 receives new data 60 ( operation 3020 ) . Upon receiving a client write request 
2952 ( e . g . , a new file containing one or more data blocks ) ( operation 3030 ) , the cloud controller uses the extracted 
from a client 2954 . Cloud controller 2950 uses a local deduplication information to determine that one or more 
deduplication table 2956 to determine whether these data blocks in the client write request have already been 
received data block ( s ) have already been written previously written to the distributed filesystem ( operation 3040 ) . 
If so , cloud controller 2950 : ( 1 ) creates new metadata for 65 The regular exchange of incremental metadata snapshots 
new data blocks 2952 that references the previously created between the cloud controllers of the distributed filesystem 
data block ( s ) ; ( 2 ) updates the reference counts in dedupli - ensures that deduplication information is shared and that 

Page 87 of 116 Netskope Exhibit 1006



52 

so 

US 9 , 811 , 662 B2 
51 

each cloud controller ' s local deduplication table remains up temporal deduplication table may have been populated in 
to date , thereby allowing duplicate writes to be detected and reverse order ( e . g . , " data block N , N - 1 , N - 2 , . . . , 2 , 1 " ) or 
avoided . Note that temporal deduplication information can some other non - temporal order , in which case a subsequent 
also be shared between the cloud controllers . Consider , for write of the same file received by the second cloud controller 
example , a cloud controller that receives from a client a 5 might result in a backwards walk through and / or random 
write request for a file with ten data blocks that have not accesses into the temporal deduplication table , which are 
previously been written to the distributed filesystem . The typically less efficient . Note , however , that the worst - case 
cloud controller : ( 1 ) takes hash values for these ten data b ehavior for temporal deduplication is still no worse than 
blocks , and determines that the blocks are new ; ( 2 ) allocates non - temporal deduplication techniques ( e . g . , the deduplica 
new CVAs and offsets for the new data blocks ; ( 3 ) updates 10 tion techniques described in FIG . 29A ) ; thus , as long as 
a TDS in its local deduplication table , creating temporally temporal deduplication is beneficial in at least some sce 
related block entries for the new data blocks ; ( 4 ) updates the narios , it is generally likely to improve performance . 
local metadata hierarchy appropriately ; and ( 5 ) sends out In some embodiments , cloud controllers reorder write 
incremental data and metadata snapshots . Other cloud con - information to improve the temporal locality of block entries 
trollers receiving the incremental metadata snapshot detect 15 for writes performed both locally and on remote cloud 
the creation of the ten new blocks , and write the information controllers . For instance , write information can be sorted 
for these ten blocks into their own deduplication tables in a based on one or more secondary qualifiers ( e . g . , the data ' s 
temporal manner ( e . g . , updating TDSs in their local dedu - source cloud controller , the data ' s source filesystem , a 
plication tables in a manner that creates temporally related snapshot identifier , a file ID , and / or a block offset ) to 
block entries for the new data blocks ) . Hence , if a client of 20 separate write information received directly from local cli 
one of these other cloud controllers attempts to write the ents and from remote clients ( via other cloud controllers 
same file , the deduplication operation in that cloud control incremental metadata updates ) back into individual seg 
ler benefits from the same temporal lookup aspects ments that are “ temporally accurate ” and facilitate efficient 
described previously ( e . g . , a reduced number of disk reads temporal deduplication . For example , one specific scenario 
in the deduplication operation due to the temporal similari - 25 may involve sorting write operations by CVA and offset ; 
ties ) . cloud controllers may use the CCID in CVAs to differentiate 

Note , however , that some challenges can arise for tem which cloud controller is the source for each given write , 
poral deduplication techniques in a distributed filesystem and may then use other portions of the CVA ( e . g . , the FSID , 
environment . For instance , consider a cloud controller that is SSID , FileID and / or offset ) to determine the exact order in 
receiving incremental metadata snapshots ( from another 30 which data blocks were written on each cloud controller 
cloud controller ) while simultaneously locally writing a set and / or block entries should be written into a TDS . Each 
of new data blocks in response to a client request . Unfor - cloud controller can then use such determinations to ensure 
tunately , such scenarios can lead to situations in which sets that any desired aspects of the original write order ( e . g . , in 
of block entries from the remote deduplication information the originating cloud controller ) are maintained for corre 
and from local writes ( e . g . , two sets of unrelated write 35 sponding block entries in each local deduplication table , 
operations ) are written into the same TDS in an interleaved thereby avoiding interference between remote and local 
manner . As described above , temporal deduplication tech - writes and ensuring improved temporal deduplication per 
niques benefit from grouping block entries for temporally formance for local writes . 
related data blocks together in TDSs ; however , while these As mentioned above , a range of sorting ( or any other form 
two sets of writes occur in the same approximate temporal 40 of reordering ) techniques may be used to ensure high 
timeframe , they originate on different cloud controllers , and temporal locality on both local and remote filesystems and 
are most likely not related . In general , interleaving two to facilitate efficient global deduplication efforts across all of 
unrelated sets of block entries in a TDS typically reduces the the cloud controllers of the distributed filesystem . In some 
temporal nature and efficiency of the deduplication table . embodiments , one or more parameters for a secondary sort 

Another problem may arise when block references are not 45 operation may be specified using a locality policy . For 
sent between cloud controllers in the order in which they instance , a locality policy may be used to tune temporal 
were written . For instance , incremental metadata snapshots deduplication behavior on a given cloud controller to match 
may send block references between cloud controllers in a the specific needs of the cloud controller ' s expected clients 
“ filesystem : file : block ” format , instead of the order in which and client load . For example , a cloud controller expected to 
the blocks were actually written ( and the order in which their 50 receive a large amount of new client data may be configured 
respective block entries were written to a TDS in the to use a specific sort order . Consider as a specific example 
originating cloud controller ) . Such reordering of write infor - a cloud controller that is configured to gather data from 
mation can affect the ordering of a temporal deduplication multiple other cloud controllers and then perform backups of 
table ; for example , a second cloud controller may end up the full data set . In such a scenario , if the host cloud 
with a significantly different block entry order in its local 55 controller is configured to traverse and write this backup 
deduplication table . Consider a client subsequently writing data on a per - cloud - controller basis , a sensible approach 
the same file to this second cloud controller — the dedupli - might be to ensure that the block entries in the temporal 
cation operation will still determine that all of the data deduplication table are also grouped together similarly ; a 
blocks for the file have been previously written in the locality policy can be used to ensure that this is indeed the 
distributed filesystem , but the deduplication operation may 60 case . 
be highly inefficient . Because of the difference in the write In some embodiments , a locality policy may also be used 
order of the block entries , the cloud controller may not be to specify that the block entries for one or more files should 
able to take benefit from temporal locality in the dedupli - be written in a different order than the data blocks for the 
cation table , and instead may have to perform individual files . Files are quite frequently accessed ( e . g . , copied , or 
hash lookups for each data block in the file . For example , in 65 re - written ) in the same manner that they were initially 
the worst case , the original write order for the initial file may written , but in some instances it may be known that a certain 
have been “ data block 1 , 2 , 3 , 4 , . . . , N - 2 , N - 1 , N , ” but the set ( or type ) of files will have a specific unusual future 
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re - write pattern ; in such scenarios , ordering the block entries Locality Policies 
for these files to anticipate these future write patterns may In some embodiments , a set of locality policies specify 
improve the performance of subsequent deduplication how data in the distributed filesystem should be managed . 
operations for those files . Such locality policies may define and / or control how data is 

In some embodiments , a cloud controller may be config - 5 managed at different levels of scope . For instance , locality 
ured to maintain multiple simultaneous sets of TDSs that are policies may be defined at a global level ( e . g . , for the entire 
all referenced by the same top - level hash table . For instance , distributed filesystem ) as well as at a range of finer granu 
a cloud controller may maintain one set of TDSs that store larities ( e . g . , on a per - cloud - controller , per - filesystem , per 

block entries for locally written data , while a second set of user , per - file - type , or per - directory basis ) . The ability to 
10 define arbitrary locality policies that span a range of granu TDSs store block entries for remote data written by other larities allows the behavior of the distributed filesystem to be cloud controllers . The appropriate TDS is determined based customized to meet the needs of an organization , specific on the initial hash value for a given deduplication operation . users , and / or specific applications or data sets . Separating the stream of local and remote writes completely In some embodiments , a locality policy can specify that ensures that block entries for local and remote writes are 15 one or more files should be “ pinned ” in the cache ( s ) of one never interleaved . Note that the block entries for remote or more cloud controllers . For instance , a locality policy 

writes are automatically grouped at the snapshot level may specify that a specific set of files that are being actively 
already ( e . g . , if incremental metadata snapshots from dif collaborated on by users throughout an organization should 
ferent cloud controllers are processed serially ) , and thus are be pinned into the cache of every cloud controller . For 
less likely to become interleaved . 20 example , this configuration may be achieved by specifying 

The above sections describe how temporal deduplication a locality policy that identifies one or more directories 
techniques can be managed and synchronized across cloud whose contents ( and sub - contents ) should be pinned in all 
controllers in a manner that facilitates maintaining temporal cloud controllers ; users can explicitly ensure that a file will 
accuracy and locality , thereby providing a range of benefits be immediately distributed to and actively cached in all of 
for a distributed filesystem . These benefits can be broken 25 the cloud controllers by storing it in such directories . In 
down into benefits of deduplication “ at rest ” ( e . g . , specific another similar example , the home directory of an important 
storage space savings gained from reducing duplicate stores ) user ( e . g . , a chief executive officer ) who frequently travels 
as well as benefits of deduplication “ in transit ” ( e . g . , specific throughout an organization may be pinned so that that 
network bandwidth savings gained from avoiding network person can access their data with the fastest possible access 
transfers of duplicate data ) . However , as also mentioned 30 oned 30 times no matter where they are currently located . Alterna 
above , deduplication techniques also involve a certain level tively , a project directory for a single site in an organization 

may be pinned in only the cloud controller for that site , to of overhead ( e . g . , extra reads and writes for the deduplica ensure that the data is quickly available locally ( e . g . , even if tion tables as well as additional complexity and compute there is a network failure / partition between the cloud con overhead ) . The actual value of deduplication efforts in a Ish 35 troller and the cloud storage system storing the cloud file distributed filesystem depends on the amount of duplicate containing that data ) . In another example of per - cloud 
data being written ( e . g . , the “ dedup ratio , ” or ratio between controller pinning , a locality policy may specify that certain 
the average number of references per stored data block ) . For blocks that are frequently read by specific applications ( e . g . , 
instance , a 10 : 1 at - rest dedup ratio indicates that there are on internet browsers or local file browsers ) be pinned for users 
average ten references for each actual stored data block , e . g . , 40 accessing the cloud controller to ensure that common , fre 
deduplication efforts have on average saved nine additional quently used user applications execute as quickly as pos 
copies of each data block from being written . A 10 : 1 sible . Note that in such situations part of the cache is fixed 
in - transit dedup ratio indicates that on average ten metadata ( e . g . , may not follow normal cache replacement policies ) , 
references are sent for every copy of a data block that is while the remaining portions of the cache may be managed 
actually transferred between a cloud controller and a cloud 45 using traditional cache policies ( e . g . , “ best effort ” cache 
storage system ; because metadata is much smaller than replacement policies ) . 
actual data , deduplication efforts can save substantial net - In some embodiments , a locality policy can specify stor 
work bandwidth . age behavior for different classes and / or types of files . For 

Performing temporal deduplication for a distributed file instance , a locality policy may specify that certain files 
system can provide substantial at - rest and in - transit benefits . 50 should be written together ( e . g . , putting a project file and all 
While certain minimum dedup ratios are needed to break of its supporting files in the same cloud file ) , or that certain 
even ( e . g . , justify the additional deduplication overheads ) , a file types should not be written into the same cloud file . For 
system that profits from both at - rest and in - transit benefits example , image and video files typically consume a sub 
begins to reap those benefits at lower dedup ratios than stantial amount of space , and are often only viewed for a 
systems that only provide one or the other of the two 55 brief initial time window . Hence , a locality policy may 
benefits . Deduplication benefits also tend to scale with the specify that image and video files ( e . g . , files with “ . jpg ” and 
number of users and amount of data in the system ; distrib “ . avi ” extensions ) should be considered low - priority ( e . g . , in 
uted filesystems tend to be large and encompass a larger comparison with other project file types ) , and should imme 
number of users , and hence tend to have higher natural diately be stored in a second - level ( e . g . , cheaper ) cloud 
levels of duplication that in turn result in higher dedup 60 storage system instead of in a costlier high - speed , highly 
ratios . Hence , tuning deduplication efforts to optimize a replicated cloud storage system that is used for high - priority 
distributed filesystem can result in definite performance files . Conversely , other file types may be identified as being 
improvements and reduced system costs . For example , high - priority , and as a result be pinned in cloud controllers 
effectively reducing network load can have direct economic and / or stored ( and kept ) in the first - level cloud storage 
benefits , because upgrading network links often involves 65 system even if they are infrequently accessed . Note that 
considerable delay and cost , and may not even be feasible in while an initial user accessing low - priority files may expe 
some situations . rience a slightly higher latency as the files are loaded from 
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the second - level cloud storage system , subsequent users cation tables , thereby negatively impacting overall 
accessing these files fairly soon thereafter from the same deduplication performance ) . 
location ( e . g . , before they are flushed out of the cloud a locality policy may specify the aggressiveness of pre 
controller ' s cache ) will be able to access the files quickly fetching decisions ( e . g . , aggressively attempt to reduce 
from the cache of the cloud controller . Note also that filling 5 user latency at a cost of additional network pre - fetch 
drive files with files of the same type can facilitate perform transfers vs . reducing the aggressiveness of pre - fetch 
ing uniform operations on certain classes of files at a later ing to save network bandwidth at the expense of higher 
time ( e . g . , archiving all of the image files in a portion of the user latency ) . 
filesystem hierarchy ) without having to split cloud files or a locality policy may indicate files and / or portions of the 10 duplicate portions of cloud files . distributed filesystem hierarchy that should not be 

In some embodiments , a locality policy may include uploaded to a cloud storage system ( e . g . , files that are 
time - based specifications and / or time - outs . For instance , a known to be temporary and short - lived , or files that 
certain project directory may be specified to only be pinned users have explicitly specified to not be shared ) . 
for the lifetime of a project , or a training video may be 10 a locality policy may allow a cloud file ' s block size to be 
pinned for an initial period ( e . g . , 15 days ) , and then subject set on a per - file basis . For instance , database dumps 
to normal cache replacement policies . For example , an typically use 8 KB block sizes , and hence a locality 
alternative locality policy for image files may specify that policy may specify that all files of that file type should 
image files should be kept in a first - level cloud storage be 8 KB in size to improve the deduplication hit rate ; 
system for 30 days ( or 30 days after the last access ) , and then 20 because database dumps often have a high level of 
moved to a second - level cloud storage system . redundancy , such a policy may substantially improve 

In some embodiments , locality policies can specify the the deduplication hit rate for that set of blocks . 
synchronization and management of metadata and data . For a locality policy may specify the target location for data 
example : and / or metadata on a set of storage drives ; for instance , 

a locality policy for a specific cloud controller may be 25 the locality policy may specify that a set of data that is 
configured such that the cloud controller , upon receiv expected to be accessed very frequently should be 
ing an incremental metadata snapshot , “ warms its cached near the outer edge of a disk platter ( e . g . , to 
cache " ( e . g . , preemptively downloads some of the data improve performance ) . 
referenced in the incremental metadata snapshot from a a locality policy may specify a set of parameters that 
cloud storage system ) ; for instance , the cloud controller 30 affect delete operations and delays for the distributed 
may be configured to preemptively download and filesystem . 
cache any files created by a certain user or related to a a locality policy may specify that some or all accesses 
certain project . ( e . g . , create , rename , read , write , and / or stat ) for one or 

a locality policy may be configured to manage how data more files should be tracked and / or timed ; such access 
is packaged into cloud files ; for instance , a locality 35 data can be used to audit file usage , to determine the 
policy may ensure that files of a similar type ( e . g . , proportion of cache hits in the cloud controller ( in 
image files ) or other criteria are packed into the same contrast with accesses that require cloud files to be 
cloud file , so that the set of associated files can later be downloaded to the cloud controller ) , and to help tune 
managed uniformly ( e . g . , all image files can be easily the performance of the cloud controller and / or distrib 
sent to a cloud storage system that is specified for 40 uted filesystem . 
image files , or a group of backup files are grouped into a locality policy may be used to specify defragmentation 
a common set of cloud files using a locality policy so parameters ( e . g . , time intervals , file types and access 
that they can be archived or deleted as a unit with patterns to monitor and track , etc . ) for file data blocks 
minimal effort at a later time ) . cached in the local storage of a cloud controller . 

a locality policy can specify a mapping of data to cloud 45 FIG . 25 illustrates an exemplary distributed filesystem 
storage providers and / or cloud storage systems ; for environment in which the characteristics of a distributed 
instance , a locality policy may specify a preferred cloud filesystem are guided and / or adjusted by a set of locality 
storage provider ( e . g . , based on performance or cost ) , policies 2510 - 2516 that influence the operation of cloud 
when data should be migrated between cloud storage controllers 2500 - 2508 . For instance , a global locality policy 
systems , that backup data should immediately be sent 50 2510 may specify that a set of data that is frequently 
to an archival cloud storage system , and / or that certain accessed through an organization should be pinned into the 
cloud storage providers should not store portions of the cache of all of cloud controllers 2500 - 2508 . Cloud controller 
distributed filesystem ( e . g . , for geopolitical reasons ) . 2500 may be located at the organization ' s headquarters , and 

a locality policy may specify whether a cloud controller hence be configured with a local locality policy 2512 that 
should send peer cache requests , and if so , may specify 55 specifies aggressive pre - fetching to minimize the access 
one or more peer cloud controllers that should be latency experienced by the organization ' s executives . Cloud 
targeted by peer cache requests ; for instance , the local controller 2504 may include a partial filesystem locality 
ity policy may specify a priority list for target peer policy 2514 that identifies that a portion of the distributed 
cloud controllers , and / or may identify specific target filesystem hierarchy contains highly sensitive data , and 
peer cloud controllers based on a type of file , owner , 60 should not be stored on a certain set of less - trusted cloud 
project , etc . storage providers . Multiple cloud controllers 2506 and 2508 

a locality policy may specify when global deduplication may be co - located at a site that has a particularly large 
techniques should be used ; for instance , the locality number of clients and client data requests to ensure adequate 
policy may specify that deduplication should be dis - data throughput ; a site locality policy 2516 specifies that 
abled when a cloud controller is writing encrypted files 65 cloud controllers 2506 and 2508 should send peer cache 
( which frequently do not benefit from deduplication requests to each other to effectively double the amount of 
efforts but would still consume entries in the dedupli - data that is cached at that site . 
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Note that some locality policies can be modified at any from the distributed filesystem over time in a manner that 
time without incurring substantial overhead . For instance , does not affect the performance of other simultaneous data 
decisions to no longer pin certain portions of the distributed accesses in the distributed filesystem . 
filesystem and / or to pin a different set of data may simply FIGS . 27A - 27C illustrate the deletion of a file from a 
result in the formerly pinned data now being subject to 5 distributed filesystem . FIG . 27A illustrates the state of a 
normal cache replacement policies and the new data being cloud controller 2700 prior to a delete request . As described 
downloaded into the cloud controller . Some policies , how previously , each cloud controller in the distributed filesys 
ever , are primarily applied at the time new data is written tem actively manages and updates its view of the distributed 
( e . g . , data policies that group certain types of files into transaction filesystem ; more specifically , cloud controller 
common cloud files ) ; changing the organization of cloud 10 2700 downloads incremental metadata snapshots that are 
files that were written based on a previous locality policy to distributed by other cloud controllers , and creates and 
reflect a new locality policy may involve walking the uploads new cloud files containing incremental metadata 
metadata of the distributed filesystem and rewriting previ - and data snapshots whenever new data is written by local 
ously stored data into new cloud files that reflect the new clients . The collected metadata for the distributed filesystem 
policy . 15 is maintained in a snapshot hierarchy 2702 . Snapshot hier 

FIG . 26 presents a flow chart that illustrates the process of archy 2702 includes a set of metadata that tracks all of the 
adjusting the characteristics of a distributed filesystem using data that is currently stored in the distributed filesystem ; 
a locality policy . Two or more cloud controllers collectively snapshot hierarchy 2702 also includes samples over time of 
manage distributed filesystem data that is stored in one or the metadata tree that indicate how the metadata has 
more cloud storage systems ( operation 2600 ) ; the cloud 20 changed historically ( e . g . , across multiple snapshots ) . The 
controllers cache and ensure data consistency for the stored metadata in snapshot hierarchy 2702 is used to determine 
data . During operation , a cloud controller receives a locality and access the set of data blocks 2708 that are currently 
policy that specifies one or more management policies for being cached by cloud controller 2700 . Additional layers of 
the cloud controller ( operation 2610 ) , after which the por - metadata can be layered on top of snapshot hierarchy 2702 
tion of the distributed filesystem ' s data that is managed , 25 to present different views into the distributed filesystem . For 
created , and / or cached at the cloud controller is then man - instance , a set of active filesystem metadata 2704 tracks the 
aged based on this locality policy ( operation 2620 ) . Locality portion of the distributed filesystem that is currently visible 
policies facilitate customizing and optimizing data manage to the clients ( e . g . , users ) of the distributed filesystem . 
ment for the distributed filesystem to fit the needs of an Another set of overlay metadata 2706 pinpoints the set of 
organization ( e . g . , specific sets of users , applications , and / or 30 modified data in a cloud controller that needs to be uploaded 
datasets ) . in a subsequent snapshot and facilitates creating cloud files 
Deleting Files from a Distributed Filesystem in place ( as described earlier ) . 

A distributed filesystem based upon cloud storage systems FIG . 27B illustrates the initiation of a delete operation . 
can efficiently store and access extremely large data sets . At Client 2710 sends a request 2712 to cloud controller 2700 to 
some point , however , some of this stored data will no longer 35 delete a specific file , ' File X . ' In response , cloud controller 
be needed , and hence will need to be deleted from the 2700 modifies active filesystem metadata 2704 to no longer 
distributed filesystem . Deletion techniques may involve refer to File X ( operation 1 in FIG . 27B ) and writes a 
substantial complexity , computation , and potential delay , snapshot update to the other cloud controllers reflecting this 
and hence need to be carefully managed to ensure that change . At this point , the file is effectively deleted from the 
deletions do not negatively impact perceived user file access 40 user viewpoint ( e . g . , the file is no longer visible to users 
performance . browsing through the active filesystem ) , but no data has 

Consider as an example an organization that regularly actually been deleted from the distributed filesystem ; a data 
backs up the data on all of its client machines to the block is not actually deleted until it is no longer referenced 
distributed filesystem . For instance , all of the clients of the in snapshot hierarchy 2702 . 
distributed system may be configured to periodically ( e . g . , 45 FIG . 27C illustrates the execution of the delete process in 
on a daily , weekly and / or monthly basis ) write backups of response to the delete request of FIG . 27B . As described 
their local data to the distributed filesystem . All of this above , the metadata for " deleted ” ( from the user perspec 
backup data may be collected into a single “ tarball ” ( e . g . , a tive ) File X is still available in snapshot hierarchy 2702 , and 
single tape archive file that encompasses the full collection can now be traversed ( e . g . , in the background , when system 
of backed up files while preserving important file system 50 load is low ) . More specifically , the cloud controller walks 
information , such as user permissions , dates , and directory the metadata for each data block of the file and adds the 
structures ) . These tarballs may have only a limited lifes - deduplication hash value for the data block ( which is stored 
pan — for instance , a tarball for a given backup date may in the metadata for the data block ) to a list of deduplication 
only be preserved for a given timeframe ( e . g . , a month , or 60 updates 2714 ( operation 2 ) . After all of the metadata for the 
days ) , and then be deleted to conserve storage space and / or 55 file has been traversed , the metadata for File X can be 
make way for future backups . Depending , however , on the removed from snapshot hierarchy 2702 ( and a correspond 
number of clients and the amount of data on each client , the ing metadata snapshot reflecting this change can be propa 
collected data size may be substantial ; for instance , perform - gated to the other cloud controllers ) . 
ing backups may involve creating and deleting files that The set of hash values in the list of deduplication updates 
consume on the order of terabytes ( or larger ) of data in the 60 2714 indicate data blocks in the deduplication tables 2716 
distributed system , and hence may involve considerable that need to be decremented ( e . g . , to reflect the fact that File 
time and effort . X no longer refers to these data blocks ) . These updates are 

In some embodiments , deletion from the distributed file applied to deduplication tables 2716 ( operation 3 ) ; during 
system involves a series of steps that first hide a deleted file this process , cloud controller 2700 determines whether any 
from users ( to provide a user perspective of instant response ) 65 of these data blocks are no longer referenced in the distrib 
and then perform a number of background operations that uted filesystem ( e . g . , the reference count for a given data 
traverse the file ' s metadata and then actually delete the data block is decremented to zero ) . If this is the case , cloud 
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controller 2700 further determines from cloud file status eventually ( due to disuse ) via normal cache replacement 
tracking structures whether these changes result in any cloud policies . Note also that deduplication techniques can help to 
files whose data blocks have all been deleted ; if so , these reduce the overhead of deletion operations by reducing the 
cloud files are added to a list of cloud files that are queued amount of redundant data that is stored and will later need 
for deletion 2718 ( operation 4 ) . The cloud controller can 5 to be deleted ; deletion operations that delete unique data 
then subsequently send requests to cloud storage system 302 involve somewhat more computation and overhead ( e . g . , 
to actually delete ( or archive ) these cloud files ( operation 5 ) ; additional operations 4 and 5 in FIG . 27C ) than deletion 
only at this point , after the cloud storage system has operations that primarily decrement references to still used 
executed and confirmed the deletion request , has the data data blocks . 
actually been deleted from the distributed filesystem . Note 10 FIG . 28 presents a flow chart that illustrates the process of 
that each cloud controller maintains and updates its own deleting a file from a distributed filesystem . Two or more 
internal deduplication table . For example , the process by cloud controllers collectively manage distributed filesystem 
which the other cloud controllers of the distributed filesys - data that is stored in one or more cloud storage systems 
tem update their deduplication tables in response to the operation 2800 ) ; the cloud controllers cache and ensure 
above - described file deletion on cloud controller 2700 may 15 data consistency for the stored data . During operation , a 
comprise performing the following on each of the other cloud controller receives a request from a client to delete a 
cloud controllers : ( 1 ) receiving an incremental metadata file in the distributed filesystem ( operation 2810 ) . The cloud 
snapshot uploaded by cloud controller 2700 that indicates controller updates a user view of the distributed filesystem 
that the metadata for File X should be removed ; ( 2 ) using the to present the appearance of the target file being deleted to 
metadata for File X ( e . g . , the deduplication hash values for 20 the client ( operation 2820 ) , and then initiates a background 
the blocks of File X ) to properly update ( e . g . , decrement deletion operation to delete the target file without negatively 
references in the cloud controller ' s local deduplication affecting the performance of the other users of the distrib 
table ; and ( 3 ) updating the locally stored metadata to reflect u ted filesystem ( operation 2830 ) . 
the removal of File X . In some embodiments , a distributed filesystem can be 

In some embodiments , operations 2 - 5 as described for 25 tuned to balance a range of performance and cost goals . For 
FIG . 27C may execute in parallel as simultaneous back - a scenario in which performance is the only factor and cost 
ground jobs . For instance , some deduplication updates may is no issue , the data for the distributed filesystem might be 
already be processed at the same time that other portions of stored in the cloud storage system that provides the highest 
the metadata for the file are still being walked and other availability , redundancy , and performance , and each client 
cloud files that contained unused data blocks are already 30 site may include multiple peer cloud controllers as well as 
being deleted . Alternatively , during peak load times some or backup cloud controllers . In a more typical scenario , how 
all of these operations may be delayed to reduce system e ver , performance may need to be balanced by cost factors . 
load . Performing delete operations as low - priority back - For instance , the distributed filesystem may leverage mul 
ground jobs ensures that intensive delete operations do not tiple cloud service providers ( including archival cloud ser 
adversely affect user experience with the distributed filesys - 35 vice providers ) to minimize the storage costs for infre 
tem . quently accessed data while maintaining high performance 

In some embodiments , a cloud controller may also inten - for frequently accessed data . For example , cloud controllers 
tionally delay some of the steps of the deletion process for may be configured to track and consider a range of param 
a time interval to ensure that the deletion was intended . For eters ( e . g . , the most commonly used data , the most fre 
instance , upon receiving user file delete request 2712 , cloud 40 quently transferred data , access frequencies , typical access 
controller 2700 may initially delete the view of the file from sizes , the costs of storing data in different cloud storage 
active filesystem metadata 2704 ( operation 1 ) , but then providers , the network cost of leveraging distributed cloud 
delay performing the subsequent deletion operations for a controllers as peer caches , etc . ) and attempt to automatically 
specified time interval to ensure that the deletion request was rebalance and optimize system behavior to maximize per 
not accidental . This delay ( and other deletion parameters ) 45 formance for a given fixed cost . 
may be configured using a locality policy . For example , a Supporting and Recovering Virtual Machines in a Distrib 
locality policy influencing deletions might specify : whether uted Filesystem 
deletions should be delayed , and if so , for how long of a time Some organizations may allocate one or more distinct 
interval ; whether other cloud controllers , administrators , cloud controllers ( e . g . , separate , dedicated compute servers ) 
and / or clients should be notified of pending deletes ; and / or 50 at every site in the organization , to provide access to the 
whether deletion requests for certain ( or all ) files should to shared , distributed filesystem . Some scenarios , however , 
be moderated ( e . g . , approved ) by an administrator and / or file may motivate combining multiple services into a single 
owner before being executed . A locality policy may also be hardware device . For instance , a small , remote site may not 
used to group backup files into a distinct set of cloud files have sufficient rack space for another computing device or 
( e . g . , not mixed with other data ) to simplify the deletion of 55 may not be large enough to justify the cost of multiple 
the backup files at a later time . independent servers . However , such sites might still benefit 
Note that the point at which cached data blocks for a file from the capability to leverage the storage , archive , and 

that is being deleted should be flushed from cloud controller backup capabilities of an organization - wide distributed file 
caches may vary . If deduplication is enabled , a data block system and cloud storage . 
referenced by the file being deleted may also still be refer - 60 In some embodiments , one or more distributed filesystem 
enced ( and actively used ) by other files , and hence should services may be executed in a virtual machine on another 
not be flushed from the cloud controller ' s cache . If , however , computing device . For instance , an application with cloud 
the cloud controller determines that a data block is no longer controller functionality may be executed in a virtual 
referenced , it can check whether the block is still cached machine to provide access to the distributed filesystem at a 
and , if so , delete it from the cache . Alternatively , instead of 65 site that otherwise might not be able to host ( or otherwise 
being explicitly flushed , the cache controller may instead justify ) a dedicated cloud controller device . This cloud 
leave the data block in the cache and let it be flushed out controller application ( sometimes also referred to as a cloud 
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controller instance ) can provide all of the previously ( 3 ) and ensures that the information for these new data 
described cloud controller functionality to other processes blocks is written through to cloud storage system 302 using 
executing on the same host server as well as to external incremental metadata and data snapshots ( as described pre 
clients . viously ) . In some scenarios , temporary files and swap space 

FIG . 31 illustrates an environment in which a computing 5 associated with VM 3120 and application 3122 may also be 
device ( server 3100 ) executes a cloud controller instance written to the distributed filesystem ; storing all of the data 
3102 in a virtual machine ( VM ) 3104 . Server 3100 allocates associated with executing application 3122 and VM 3120 in 
a portion of its local storage capacity 3106 to a storage pool the distributed filesystem facilitates disaster recovery for 
3108 that is managed by cloud controller instance 3102 , application 3122 across a wide range of failures . For 
which uses storage pool 3108 to cache data blocks 3112 for 10 example , if server 3100 were to crash , another computing 
and / or from the distributed filesystem . Cloud controller device capable of accessing data from the distributed file 
instance 3102 provides access to the distributed filesystem system could use the data stored for VM 3120 and applica 
by exporting a filesystem mount point 3110 that exposes the tion 3122 to effectively re - start application 3122 from its 
structure of and the data stored in the distributed filesystem previous executing state at a different location and / or in a 
to server 3100 and external clients . For instance , cloud 15 new virtual machine . Note that cloud controller instance 
controller instance 3102 may include support for NFS 3102 ( via exported mount point 3110 ) provides transparent 
( Network File System ) protocols , and export an NFS mount access to the distributed filesystem ; applications are unaware 
point that presents the contents of the distributed filesystem that data is being written to the distributed filesystem instead 
to server 3100 and other external devices as if it was an NFS of local storage . However , the distributed filesystem can 
filesystem . More specifically , cloud controller instance 3102 20 only be accessed ( e . g . , is only visible and available to server 
supports an additional interface that enables full , transparent 3100 , any VMs executing in server 3100 , and any external 
access to the data stored in the distributed filesystem ; cloud clients ) when cloud controller instance 3102 is running 
controller instance 3102 ensures that file blocks requested FIG . 32 presents a flow chart that illustrates the process of 
via this interface are loaded from cloud storage system 302 supporting and recovering virtual machines using a distrib 
( as described in the preceding sections for cloud controllers 25 uted filesystem . Two or more cloud controllers collectively 
in general ) and cached 3112 in storage pool 3108 . Note that manage distributed filesystem data that is stored in one or 
server 3100 no longer accesses the storage pool allocated to more cloud storage systems ( operation 3200 ) ; the cloud 
cloud controller instance 3102 directly ; other services controllers ensure data consistency for the stored data , and 
executing on server 3100 can , however , access the distrib each cloud controller caches portions of the distributed 
uted filesystem ( and data blocks for the distributed filesys - 30 filesystem in a local storage pool . During operation , a host 
tem that are cached 3112 in storage pool 3108 ) via the server executes program instructions for an application in a 
exported mount point 3110 . Note also that server 3100 can virtual machine ( VM ) ( operation 3210 ) ; data associated with 
be configured to allow external clients ( e . g . , client 3114 ) to this application and / or this virtual machine is stored in the 
interact with cloud controller instance 3102 in the same way distributed filesystem ( operation 3220 ) . Upon detecting a 
that clients would interact with and access data for the 35 subsequent failure , the system can recover and resume the 
distributed filesystem ) from a stand - alone cloud controller . execution of the virtual machine and application using the 

In some embodiments , one or more services are executed application and virtual machine data that was stored in the 
in virtual machines in a manner that leverages the distributed distributed filesystem ( operation 3230 ) . 
filesystem . More specifically , services and applications can Executing multiple applications in virtual machines in the 
be executed in virtual machines in a manner that ensures that 40 context of the distributed filesystem may involve substantial 
their executables , runtime structures , and / or application data additional network overhead for some remote sites with 
are all stored in the distributed filesystem . This arrangement limited network bandwidth . For instance , executing such 
allows such services and applications to be automatically applications may involve : ( 1 ) accessing a large application 
backed up to ( and , if needed , restored from the distributed executable file from the distributed filesystem ( e . g . , loading 
filesystem . Note that such capabilities are not limited to 45 the application executable from the cloud storage system ) ; 
situations in which cloud controller functionality is executed ( 2 ) accessing application data needed by the application 
in a virtual machine ; any stand - alone cloud controller can ( e . g . , from the cloud storage system ) ; and ( 3 ) storing a large 
also export a mount point for the distributed filesystem that amount of temporary , swap , and application data that is 
can then be used to facilitate the execution of virtual created while executing the application to the cloud storage 
machines in the context of the distributed filesystem . 50 system . In some scenarios , an application executable may be 

FIG . 31 further illustrates an exemplary application ( and / cached by a host server ( or pinned in a cloud controller ) to 
or service ) 3122 that is executed by a second VM 3120 in the reduce an initial startup delay for an application . Further 
context of the distributed filesystem . Sever 3100 can load an more , while a cloud controller and / or virtual machine may 
executable for application 3122 from the distributed filesys - be configured to store runtime environment data to the 
tem via the exported mount point 3110 provided by cloud 55 distributed filesystem ( and cloud storage system ) , such 
controller instance 3102 , and then execute this executable in runtime environment data may be delayed , metered , and / or 
VM 3120 . For example , application 3122 may be a service marked as low - priority to ensure that storing such data in the 
that manages email , calendaring , and contact information for distributed filesystem does not interfere with other higher 
a remote site that includes server 3100 . VM 3120 can be priority data accesses and / or network transfers . Storing all of 
configured such that all of the data accesses made by 60 the data associated with the virtual machine facilitates 
application 3122 access the distributed filesystem . For restoring the exact execution state on the same or another 
instance , VM 3120 can be configured so that all of the data host server in case of failure . In alternative scenarios where 
written by application 3122 is written ( via the exported only application data is written to the distributed filesystem , 
mount point 3110 ) to one or more directories in the distrib - an application may still be recoverable after a failure , but 
uted filesystem ; cloud controller instance 3102 : ( 1 ) receives 65 perhaps only to the point of the application ' s last written 
any new data blocks written by application 3122 and VM data output and / or internal snapshot , as opposed to an exact 
3120 ; ( 2 ) caches these new blocks in storage pool 3108 ; and application state that could be conveyed using the full set of 
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stored data . Such configuration and storage decisions may data may also be logically separated for each individual 
be influenced by the expected data usage , data access application and / or VM . For example , data associated with a 
patterns , duration of execution , and runtime requirements of given application and virtual machine may also be logically 
an application . separated into different sub - directories and / or directory 

Note that some applications may access both structured 5 hierarchies ) in the distributed filesystem that store the appli 
and unstructured data . For instance , a given application may cation ' s executable , the temporary and swap data ( e . g . , 
access both structured data ( e . g . , an SQL database ) as well runtime environment data ) for each executing application 
as unstructured raw files . In some instances , executing a instance , and application data stored by each executing 
given application may also involve executing other addi - application instance . 
tional support applications ( e . g . , a database application ) in 10 In some embodiments , the size of the storage pool allo 
the same or in another separate virtual machine ; the dis - cated to a cloud controller instance may vary depending on 
closed techniques can scale to any number of applications factors that include , but are not limited to : the amount of 
and virtual machines , depending on the capabilities of one or local storage in the host server ; the anticipated data needs for 
more host servers . These multiple applications can all share the site and / or host server ; the set of files ( and application 
the same distributed filesystem view provided by a cloud 15 executables ) from the distributed filesystem that will be 
controller ( and / or cloud controller instance ) , and hence can pinned in the storage pool ; and / or the set of virtual machines 
interact normally , as if they were operating upon locally - that will be executed on the host server . For instance , in 
stored data , while the actual structured and unstructured data some scenarios where the host server is primarily dedicated 
being operated upon are stored in the distributed filesystem . to executing applications that will execute in virtual 

In some embodiments , executing applications in a manner 20 machines whose data will be backed up via the distributed 
that leverages a distributed filesystem facilitates recovering filesystem , most of the host server ' s local storage may be 
from a range of failures . For instance , failures may include , allocated to the cloud controller instance to ensure that as 
but are not limited to : ( 1 ) the failure of a host server ; ( 2 ) the much space as possible is available to cache application and 
crash of a cloud controller and / or cloud controller instance ; VM data . 
and / or ( 3 ) the crash of an individual virtual machine or 25 Applications executed in virtual machines may be used to 
application . Some organizations may select a highly redun - provide a range of important compute services and / or infor 
dant hardware platform to serve as a host server to avoid mation resources to a site , and hence supporting cloud 
failure , but even such devices fail sometimes . However , if all controllers may sometimes be configured to perform addi 
of the virtual machine and application data that is written tional operations to improve data access performance . In 
and modified is also stored in a cloud storage system ( via the 30 some embodiments , a cloud controller ( or cloud controller 
distributed filesystem ) , the entire state of an executing VM instance ) may be configured to optimize ( e . g . , reduce the 
and application can be recovered from the distributed file - latency of the data accesses associated with virtual 
system and executed via another host server and / or cloud machines as much as possible . For instance , a cloud con 
controller . In a scenario in which a cloud controller or cloud troller may be configured to request and cache data that is 
controller instance crashes , as long as the persistent storage 35 expected to be accessed by a virtual machine in a local 
managed by the cloud controller remains intact ( e . g . , a cloud storage pool before the virtual machine is even executed 
controller ' s local storage , or a storage pool allocated to a ( e . g . , via locality policies that pre - populate the local storage 
cloud controller instance ) , the cloud controller ( or cloud pool based on expected data use , an expected time of use , 
controller instance ) can be quickly restarted and use the and / or other factors ) . 
locally cached data to immediately continue providing data 40 Another optimization involves adjusting the write behav 
services . In a worst case scenario in which the cached data ior for scenarios in which multiple entities attempt to 
is lost , the cloud controller ( or cloud controller instance ) can perform modifications to the same portion of the distributed 
reload requested metadata and data from the cloud storage filesystem . As described previously , a cloud controller 
system . In a scenario in which an individual application attempting to write a file owned ” ( e . g . , created ) by another 
and / or its host virtual machine crash , its data is likely to still 45 cloud controller typically first contacts the owning cloud 
be cached ( and / or pinned , perhaps , via a locality policy ) in controller with a request to modify the file . More specifi 
its associated cloud controller ( or cloud controller instance ) , cally , the cloud controller that owns a file may be considered 
or can be re - loaded from the cloud storage system , thereby to hold a " write lock ” which identifies the cloud controller 
allowing the application to be quickly restarted to its pre - as the arbitrator for further writes for the file . However , 
vious state . Hence , leveraging the distributed filesystem 50 contacting another cloud controller to perform a write opera 
ensures that disaster recovery solutions are available for all tion may involve additional latency . Hence , optimizing write 
of the services being run on a host server ( e . g . , in a remote behavior to improve the performance of virtual machines 
office ) may also involve identifying and transferring the write locks 

In some scenarios , data management for applications and for contentious portions of the distributed filesystem hier 
virtual machines may be structured and / or adjusted to reduce 55 archy to a local cloud controller ( or cloud controller 
overhead and facilitate different recovery options . For instance ) to reduce write latencies . A further optimization 
instance , because a large number of applications may be may involve ensuring that such write locks cannot be 
executed in virtual machines via a number of different cloud requested by and moved to another cloud controller ( and / or 
controllers , data from these applications and virtual cloud controller instance ) for a given time interval and / or 
machines may benefit from being logically separated ( and / or 60 while a given virtual machine is executing . Such optimiza 
indexed ) in the distributed filesystem on a per - VM and / or tions may be specified by techniques including , but not 
per - cloud - controller basis ( e . g . , with each cloud controller , limited to , locality policies and other predictive mecha 
and each VM per cloud controller , being associated with nisms . 
different , distinct directories in the distributed filesystem ) . Note that , in some scenarios , a host server may execute 
Distinguishing each instance of an application and / or VM 65 two or more cloud controller instances that provide access to 
facilitates recovering and re - executing a given application multiple , distinct distributed filesystems . In such scenarios , 
on the same or another host server after a failure . Note that the host server may allocate separate storage pools for the 
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different cloud controller instances , and each cloud control ously restricting the rate at which cached file data blocks are 
ler instance would present a different export mount point for sent to the client ; these combined actions ensure that there 
its respective distributed filesystem . The host server may is sufficient time for cloud files containing subsequent 
also simultaneously write data related to applications needed data blocks to be transferred from the cloud storage 
executing in virtual machines to multiple distributed file - 5 system and processed . Delaying the delivery of some cached 
systems . blocks can facilitate the operation of the distributed filesys Avoiding Client Timeouts in a Distributed Filesystem tem by avoiding and / or reducing the number of timeout Some client systems may be configured to “ time out ” a related errors in clients . data request ( e . g . , disconnect and abort the request ) if a In some embodiments , a cloud controller tracks typical target server does not return the requested data block within 10 file access patterns , and determines a set of data blocks that a specified time interval . Such timeouts can lead to perfor will be cached for each file . For instance , some frequently mance issues in a distributed system . For instance , FIG . 33A accessed files may be cached in their entirety during a illustrates an exemplary scenario in which a client 3300 peak - access time interval . However , due to space con requests data blocks for a file from a cloud controller 3302 
( e . g . , using the CIFS protocol ) . In the illustrated example , 15 stra is straints , a cloud controller may cache only limited portions 
the first two blocks of data for a file being accessed by client of less - frequently accessed files . For example , a cloud 
3300 are in the cache of cloud controller 3302 , which controller may determine that , for a certain type or class of 
immediately transmits the cached blocks to client 3300 in file , clients frequently access only the first and last data 
response to the client ' s requests . However , a subsequent blocks of a file ( or initially access these blocks prior to 
block ( requested block # 3 ) is not cached by cloud controller 20 sequentially accessing all the other blocks of the file ) . In 
3302 ; as described previously , upon receiving a request for such scenarios , the cloud controller may adopt a policy of 
this block , cloud controller 3302 determines the cloud file caching only the first and last block of such files ( e . g . , the 
containing the needed block and sends a request to cloud first and last 64 KB of all files , as allowed by storage space 
storage system 302 to retrieve this cloud file . Upon receiving constraints in the cloud controller ) ; the cloud controller can 
the cloud file , cloud controller 3302 traverses and processes 25 then slightly delay the transmission of these cached blocks 
the cloud file to access the requested block , and transmits the to a requesting client to create a time buffer during which 
( now locally cached ) block to client 3300 . However , in some subsequent file data blocks can be predictively pre - fetched 
scenarios , this process of determining , receiving , and from the cloud storage system . 
accessing the cloud file may result in a client - perceived FIG . 33B illustrates an exemplary scenario in which cloud 
delay for the requested block 3304 that exceeds a pre - 30 controller 3302 delays responses to client 3300 . As illus 
defined client timeout . For example , if a large amount of trated in FIG . 33A , client 3300 requests the first block of 
data is being downloaded from cloud storage system 302 data for a file . Cloud controller 3302 walks the metadata for 
and the network link between cloud controller 3303 and the file to determine how many of the blocks of the file are 
cloud storage system 302 is slow , client 3300 may determine already locally cached , how many blocks would need to be 
that the request has exceeded the timeout interval , and hence 35 downloaded from cloud storage system 302 , and how much 
disconnect and abort the data access before it has actually bandwidth is available between cloud storage system 302 
received the requested data from cloud controller 3302 . and cloud controller 3302 . Upon determining that only two 

Note that while client timeout intervals can typically be blocks of the file are currently being cached , cloud controller 
configured or adjusted to provide more time , adjusting the 3302 estimates the amount of time needed to load the 
timeout interval for all of the clients in an enterprise may 40 following set of uncached data blocks and uses this estimate 
involve considerable overhead and / or otherwise be infea - to determine delay intervals ( 3304 - 3306 ) for the cached 
sible . For instance , some clients ( e . g . , clients using the CIFS data . More specifically , cloud controller 3302 does not 
protocol ) may be initially configured to disconnect from a immediately transmit the requested ( cached ) block to client 
server and report an error if they have not received their 3300 , but instead : ( 1 ) sends a request to cloud storage 
requested data within 60 seconds . If a given site has a slow 45 system 302 for cloud files containing additional uncached 
network link ( or intermittently has a high network load that blocks of the file ; and ( 2 ) only sends the requested ( cached ) 
would delay data transfer from a cloud storage system ) , all block to client 3300 after delay interval 3304 . After receiv 
of the clients at the site might be reconfigured with a longer i ng this first block , client 3300 requests a second block . 
timeout interval . However , depending on the number ( and Cloud controller 3302 again delays sending the second 
mobility of clients , such reconfiguration operations may 50 cached block ( for delay interval 3306 ) while waiting for ( or 
involve substantial effort , and may also cause delays in receiving ) the requested cloud file ( s ) . By injecting these 
realizing and identifying actual failures ( e . g . , due to the additional delays ( 3304 - 3306 ) , cloud controller 3302 
lengthened timeout intervals ) . Another option involves ensures that subsequent blocks of the file are received , and 
adjusting the behavior of the cloud controller to consider that subsequent requests from client 3300 can be serviced , 
client - perceived delay and client timeouts . 55 without incurring client timeouts . Note that in some sce 

In some embodiments , a cloud controller may adjust the narios , a client receiving delayed responses may also come 
rate at which requested data blocks are delivered to one or to the conclusion that it is communicating using a slow 
more clients to ensure that clients to not experience tim - network link , and automatically adjust its timeout interval to 
eouts . For instance , a cloud controller may determine how be less stringent , thereby further reducing the likelihood of 
many of the data blocks for a requested file are currently 60 causing timeout - related errors . 
being cached and , depending on factors such as the available in some embodiments , techniques for choosing a delay 
network bandwidth between the cloud controller and a cloud interval may involve either using fixed delay intervals or 
storage system containing the uncached data blocks , control adaptively adjusting delay intervals based on characteristics 
the rate at which cached data blocks are served to a client to of the distributed system . For instance , in some embodi 
minimize the probability of timeouts for the client . For 65 ments , a cloud controller may consider and / or calculate one 
example , a cloud controller may pre - request uncached file or more of the following when determining a delay interval 
data blocks from the cloud storage system while simultane - for a requested data block : 
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the number and order of the data blocks for a file that are the blocks for the file from a cloud storage system ; when the 
already being cached on the cloud controller ; cloud controller has cached all of the data blocks for the file , 

the network bandwidth available to the cloud controller it can proceed to send the cached blocks to the client without 
( e . g . , the current link bandwidth between the cloud delay . Over time , as more tracking data is collected the cloud 
controller and a cloud storage system hosting cloud 5 controller may then switch to more sophisticated techniques 
files that include a set of file data blocks ) . Determining that instead dynamically adjust delay intervals based on 
the available network bandwidth may involve : tracking factors such as the rate at which the cloud controller is 
historical transfer rates to estimate the maximum band receiving file data from the cloud and the rate at which a width of the network link ; tracking the amount of time client is requesting file data . For instance , in the context of needed to receive the most recently requested cloud file 10 FIG . 33B , cloud controller 3302 may also delay responses to and / or data blocks ; receiving one or more parameters subsequent data requests for newly - cached data ( e . g . , that specify the maximum bandwidth that should be adjusted delay interval 3308 ) based on the rate at which used by the cloud controller and / or the minimum 
amount of bandwidth that is dedicated to the cloud subsequent file data is being received from cloud storage 
controller : and / or tracking the current network load / 15 system 302 . In one example , a cloud controller may throttle 
congestion for the site hosting the cloud controller responses to a client based on an estimated percentage of 
( e . g . , by comparing current transfer rates with the available network bandwidth , the percentage of data blocks 
estimated maximum bandwidth of the network link or for the target file that have been received from the cloud 
communicating with other servers and / or networking storage system , the total amount of remaining data that 
equipment to receive notifications of or otherwise 20 remains to be downloaded , and other additional factors . 
determine network usage ) . In some embodiments , a cloud controller adaptively 

the total set of data that needs to be downloaded for the decreases and / or increases the delay interval for data blocks 
file , the number of cloud files containing the needed sent to a client as needed . For instance , as described above , 
data blocks , and the locations of the needed data blocks a cloud controller receiving a request from a client deter 
in these cloud files . For instance , because cloud files 25 mines how much of the file ' s data is cached locally . Upon 
may store serially encrypted data blocks for multiple detecting that not all of the file ' s data blocks are cached 
files , some additional cloud file data may need to be locally , the cloud controller starts out with an initial delay 
downloaded to access needed data blocks . Hence , cal interval ( e . g . , 20 seconds per data block ) and measures how culations of effective client delay may need to consider long it takes to retrieve the remaining uncached data blocks 
the total number of cloud file data blocks that need to 30 of the file . More specifically , while delaying the initial be downloaded , which may be larger than the actual responses for cached blocks , the cloud controller starts a number of outstanding uncached data blocks that are separate thread that reads data blocks ( e . g . , 128 kB blocks ) actually needed for a requested target file . from a cloud storage system hosting the data blocks . This the rate at which a client is actually requesting data for a thread tracks the received blocks to determine how long file ( e . g . , the rate at which requests for the file data 35 
blocks arrive from the client ) . For instance , depending each read is taking , and uses this information to compute the 
on the type of operation being performed on a file , a amount of bandwidth between the cloud controller currently 
client receiving a given block may perform some and the cloud storage system . After making an initial esti 
processing before requesting the next data block in the mate of how long it will take to retrieve the rest of the 
file . 40 uncached data blocks ( based on the initial set of received 

how long the cloud controller has been operating , and data blocks ) , the cloud controller can begin to adjust the 
how much tracking data has been collected . delay interval to match the expected arrival rate of the data 

an additional " safety margin ” that increases the delay blocks . For example , upon determining how long it will take 
interval to ensure that fluctuations in network usage to retrieve the rest of the data blocks for the file at the current 
and / or file requests do not lead to a substantial increase 45 bandwidth , and assuming that the arrival rate is lower than 
in client timeouts . For instance , while a cloud controller the client timeout interval , the cloud controller can progres 
may be configured to minimize the delay interval for sively reduce the delay interval ; when all of the file data is 
requests ( where possible ) to improve perceived client cached on the cloud controller , the delay interval can be 
performance , changes in network load and other fluc - reduced to zero . Note that in some implementations , the 
tuations may sometimes reduce a calculated and / or 50 delay interval may be decreased in fixed steps ( e . g . , the 
expected transfer rate . For example , the cloud control cloud controller may smoothly reduce the delay interval by 
ler may suddenly receive additional requests for other halving the delay interval after every set of five successful 
files from one or more additional users . Hence , a cloud data block reads ) . However , in some scenarios , if the time 
controller may calculate very conservative delay inter taken to retrieve blocks increases , the cloud controller may 
vals for the initial set of cached blocks , track fluctua - 55 need to increase the delay interval in a similar manner to 
tions in network performance and / or load as subsequent ensure that the client does not trigger request timeouts . Note 
blocks are downloaded and cached , and use this track also that in some implementations the set of I / O credits 
ing information to calculate an additional safety margin issued to a client may need to be reduced so that the client 
for per - block delay intervals . doesn ' t issue parallel requests ( thereby partially bypassing 

a locality policy that specifies one or more delay - related 60 the flow control being provided by the cloud controller as 
parameters . well as increasing the traffic congestion between the cloud 

Note that the set of criteria considered by a cloud controller controller and cloud storage system ) . The described tech 
and hence the calculated delay interval , may change over niques facilitate a wide range of data block access rates — if 
time based on the operational situation . For example , upon the arrival rate for the file ' s data blocks is slow , the cloud 
initial start - up a cloud controller may initially use a conser - 65 controller can keep the delay interval high to avoid client 
vative fixed delay interval ( e . g . , 20 seconds ) for every block timeouts ; alternatively , if the arrival rate is fast , the cloud 
request for a file until the cloud controller has received all of controller can quickly reduce the delay interval to provide 
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data to the client more quickly ( while continuing to track the at a later point ( e . g . , to accommodate one or more cloud 
arrival rate to ensure that a reduced delay interval continues controllers in low - bandwidth environments that are added to 
to be the appropriate ) . the distributed filesystem at a later point ) , although such 

In some embodiments , a cloud controller may be config operations may involve considerable reconfiguration over 
ured to adjust caching behavior in an attempt to balance both 5 head . Note that because each cloud file include a number of 
client performance and avoid client timeouts . For instance , metadata fields , reducing the size of the cloud file does 
in scenarios where a cloud controller is provisioned with increase the amount of storage overhead , thereby increasing 
sufficient local storage , the cloud controller may be config - the number of total bytes that need to be uploaded and 
ured to cache a larger set of initial data blocks for each file downloaded for each actual block of file data ( thereby 
( or a specified subset of files ) . If such scenarios , the cloud 10 effectively reducing the maximum upload and download 
controller can determine from an initial set of accesses data rates for data files ) . However , in some environments , 
whether a file is likely to be accessed in its entirety , and these higher storage overheads may be justified by the faster 
respond appropriately . For instance , if enough data blocks download and decryption times for smaller cloud files ( while 
for the file are cached , a cloud controller can immediately can result in lower - latency lookups for individual file 
send an initial set of requested data blocks for a file to the 15 blocks ) . 
client , thereby allowing the client to being operating upon Cloud Commands for a Distributed Filesystem 
them without delay . In some situations , the client may only As described previously , some embodiments of a distrib 
need these first few blocks , and hence the operation com uted filesystem facilitate leveraging cloud storage capabili 
pletes without any additional delay . If the client is indeed ties while providing clients with an abstraction that all of the 
accessing the entire file , the cloud controller , upon receiving 20 data in the distributed filesystem is locally available and 
requests for additional data blocks of the file , can delay the accessible via local cloud controllers . More specifically , 
transmission of the remaining cached blocks while retriev caching data for the distributed filesystem on each cloud 
ing the subsequent set of uncached blocks from a cloud controller provides transparent access to large data sets on an 
storage system . This configuration reduces the delay for on - demand basis . However , in some scenarios , providing 
requests that only touch a small subset of a file ' s data ( e . g . , 25 such abstractions to clients of a distributed filesystem can 
when a user is probing a directory ) while also reducing the negatively impact performance . 
likelihood of timeouts for files that are accessed in their For instance , consider a typical file copy operation that is 
entirety . Alternatively , if the cloud controller and the cloud initiated by a client that transparently accesses a file stored 
storage system are provisioned with substantial network in a distributed filesystem , as illustrated in FIG . 35A . Upon 
bandwidth , the cloud controller may assume that every file 30 receiving a user request to copy the file ( " file X " ) to a new , 
request will lead to a complete sequential file access , and second file ( " file Y ' ) , client 3500 requests all of the data 
begin downloading any additional uncached data blocks for blocks for file X from cloud controller 3502 , and , upon 
a file from the time the first cached data block for the file is receiving these data blocks , writes them to the new file Y . 
accessed . Unfortunately , if cloud controller 3502 is not caching all of 

FIG . 34 presents a flow chart that illustrates the process of 35 these data blocks , this operation may involve substantial 
avoiding client timeouts in a distributed filesystem . Two or latency and overhead ( e . g . , depending on the size of file X 
more cloud controllers collectively manage distributed file - and the network connection to cloud storage system 302 ) . 
system data that is stored in one or more cloud storage More specifically , cloud controller 3502 needs to : ( 1 ) deter 
systems ( operation 3400 ) ; the cloud controllers ensure data mine the cache status for all of the data blocks of file X ; ( 2 ) 
consistency for the stored data , and each cloud controller 40 request any uncached data blocks for file X from cloud 
caches portions of the distributed filesystem in a local storage system 302 ; ( 3 ) wait for the associated cloud files 
storage pool . During operation , a cloud controller receives containing these data blocks to be delivered and processed ; 
from a client system a request for a data block in a target file and then ( 4 ) send the data blocks to client 3500 , which then 
that is stored in the distributed filesystem ( operation 3410 ) . writes them back to the distributed filesystem as file Y . 
Although the cloud controller is already caching the 45 Cloud controller 3502 , upon receiving the data being written 
requested data block , the cloud controller delays transmis - for the new file Y from client 3500 : ( 1 ) performs dedupli 
sion of the cached data block for a delay interval ( operation cation operations for the received data blocks ; ( 2 ) deter 
3420 ) ; injecting this additional delay gives the cloud con - mines that these data blocks are duplicates of existing data 
troller more time to access one or more uncached data blocks blocks ; ( 3 ) creates a new set of metadata for file Y that points 
for the target file from a cloud storage system , thereby 50 to the existing data blocks and updates the deduplication 
ensuring that subsequent requests of such data blocks do not tables to indicate the additional references to these data 
exceed a timeout interval on the client system . blocks ; and ( 4 ) distributes a metadata snapshot indicating 

In some embodiments , an additional technique for avoid the addition of file Y to the distributed filesystem . Note that , 
ing client timeouts ( that can be used in conjunction with the in terms of client latency , the copy operation is not consid 
above - described techniques ) involves adjusting the size of 55 ered complete ( and the new file Y is not visible to client 3500 
the cloud files that are uploaded to ( and downloaded from ) and / or other clients ) until all of the data blocks have been 
cloud storage systems . For cloud controllers that are located received by client 3500 and written back to cloud controller 
in environments with relatively low network bandwidth , 3502 , and all of the deduplication operations have been 
using smaller cloud files allows faster download and decryp - completed by cloud controller 3502 . Thus , in some sce 
tion of cloud files , hence involving less delay and reducing 60 narios , the abstraction of transparency presented by a dis 
the likelihood of a client timeout . In some implementations , tributed filesystem can result in network latency and transfer 
cloud controllers may initially evaluate their environments delays that may lead to substantial user - perceived delay in 
and then communicate to make a concerted determination of the completion of the copy command ( e . g . , when large , 
a cloud file size based on their respective network connec - uncached files are copied ) . 
tions and bandwidth ( e . g . , based on the network bandwidth 65 In some embodiments , aspects of the implementation 
of the cloud controller hosted by the slowest site ) . Some and / or distributed nature of a distributed filesystem are 
implementations may even support adjusting cloud file size exposed to one or more end users to improve the respon 
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siveness , reliability , and / or performance of operations for that do not actually represent stored data , but instead rep 
the distributed filesystem . More specifically , a set of cloud - resent cloud commands that can be executed to perform 
storage - aware directives ( also referred to as “ cloud com cloud - aware operations . 
mands ” ) can be used to selectively perform system - aware FIG . 36 illustrates a cloud controller 3600 that uses a 
operations that can provide substantial performance benefits 5 filesystem abstraction to present a set of cloud commands to 
and / or additional functionality over a transparent distributed client 3602 . The filesystem view 3604 presented to client 
filesystem . 3602 includes a sub - hierarchy comprising a filesystem of 

FIG . 35B illustrates the operation of an alternative data files ( the " CLOUDFS ” branch ) as well as a separate 
sub - hierarchy ( the " CLOUDCMD ” branch ) that does not " cloud - aware ” copy operation that enables users to copy 

files in the distributed filesystem without downloading file 10 comprise actual data files composed of data blocks that are 
stored in cloud storage system 302 , but instead comprises data from the cloud storage system . More specifically , this cloud commands that can be used to initiate cloud com alternative copy operation enables users to copy files with mands . For instance , such “ cloud command files ” may be out loading the source file ' s data blocks from the cloud executed by end - users either directly ( e . g . , via a command storage system . As illustrated in FIG . 35B , upon receiving a 15 SB , upon receiving a 15 line ) , via scripts , via client - based applications , or via other 

user request to copy file X to file Y , client 3500 issues a mechanisms . For example , for the exemplary cloud - aware 
cloud command to cloud controller 3502 to perform the copy operation described for FIG . 35B , a user may execute 
copy . Cloud controller 3502 receives this cloud command a command - line cloud command such as : 
and uses the metadata for file X to generate metadata for the echo / cloudfs / fs / dir1 / fi / cloudfs / fs / dir2 / f2 > / cloudcmd / 
new file Y that references the same set of data blocks ( while 20 ddcp , 
also updating the corresponding reference counts in the which specifies a source file and a destination file as argu 
deduplication tables ) . Cloud controller 3502 then subse ments for a specific cloud command ( e . g . , a cloud - aware 
quently distributes a metadata snapshot that includes file Y " deduplication copy " , or " ddcp ' ) that operates upon the two 
to cloud storage system 302 and / or the other cloud control files . The cloud - command sub - hierarchy may also comprise 
lers of the distributed filesystem . Note that this cloud - aware 25 one or more additional " status files ” that can be accessed to 
copy operation can complete substantially faster than the determine the status and / or output of executed cloud com 
copy operation illustrated in FIG . 35A ; not needing to read mands . 
all of the file ' s data blocks from the cloud storage system to In some embodiments , a cloud controller may be config 
the cloud controller and then on to the client system sub - ured to manage the items in the cloud - command sub 
stantially reduces network bandwidth and delay , thereby 30 hierarchy using filesystem mechanisms and abstractions . For 
allowing the copy command to complete more quickly than instance , in the context of FIG . 36 , cloud controller 3600 
in the example of FIG . 35A ( and substantially reducing may be configured to adjust the set of cloud commands and 
user - perceived command execution time ) . status files that are presented to a given client depending on 

In some scenarios , a user request to copy a file may the identity ( e . g . , a user or group identifier ) and permissions 
indicate that one or both files will be accessed and / or 35 associated with an accessing user . For example , upon detect 
modified soon . Hence , in some instances , a cloud controller ing an access to a cloud - command directory , a cloud con 
may optionally be configured to begin pre - fetching part or troller may determine the identity of the accessing user , and 
all of a file that has been copied via a cloud - aware copy only present client 3602 with ( 1 ) a set of cloud commands 
operation . For instance , in the context of FIG . 35B , the cloud that an administrator has given the user access to execute 
controller 3502 receiving the copy command may pre - fetch 40 and ( 2 ) the output of executing ( or previously executed ) 
one or more initial data blocks in file X to ensure that at least cloud commands that were executed by ( or authorized to be 
some of these blocks are already available upon user access . viewed by ) that specific user . Alternatively , a user may be 
In the copy operation described for FIG . 35A , the copy allowed to view the full set of cloud commands , but only 
operation does result in loading all of the file ' s data to the execute ( or see the status information for ) a selected subset . 
client and cloud controller ( hence potentially making that 45 In this manner , the cloud controller can customize the set of 
data available in local caches for subsequent operations ) , but cloud - command data that is made visible to each user . For 
may take a considerable amount of time to complete . In example , every user accessing the CLOUDCMD directory 
contrast , the cloud - aware copy operation described for FIG . may see a status file named “ DDCP - HISTORY ” that lists the 
35B completes quickly ( thereby providing quick response status of currently executing and / or a history of previously 
from the user perspective ) , after which needed data blocks 50 executed cloud - aware copy operations ; the cloud controller 
can be either pre - fetched or loaded as specified ( e . g . , using may dynamically generate this file on a per - user - access basis 
a locality policy ) and / or on an as - needed basis , Hence , the to generate user - specific ( and user - appropriate ) output . 
cloud - aware copy command both improves command Hence , multiple users accessing the cloud - command sub 
response ( from the user perspective ) while providing a range hierarchy of the distributed filesystem ( from the same or 
of flexibility in choosing whether to transfer and load data 55 different clients and / or cloud controllers ) may simultane 
blocks for the copied file . ously access the same file but receive different per - user 

In some embodiments , cloud commands can be initiated output and command feedback . 
using a range of invocation mechanisms . For instance , in In some embodiments , a set of cloud commands may be 
some embodiments , client applications can be configured to made available to privileged users of a distributed filesystem 
communicate directly with a cloud controller to invoke a 60 to enable ( or improve the performance of ) a set of operations 
cloud command ( e . g . , using CIFS private filesystem controls that would otherwise be infeasible . For instance , a system 
( FSCTLS ) - private filesystem controls provide a mecha - administrator or IT ( information technology ) staff member 
nism for extending existing fileystem protocols ) . In alterna - that is conversant with the organization of the distributed 
tive embodiments , cloud commands may be initiated using filesystem may write a script that can be executed by 
an enhanced filesystem interface and abstraction . More 65 authorized users to invoke one or more cloud commands to 
specifically , cloud controllers may use a filesystem abstrac - complete a specific task . For example , one exemplary opera 
tion to present clients with additional files and directories tion of this type might involve a large copy ( e . g . , or terabytes 
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of data ) that might saturate a corporate network for several operation may vary depending on the extent of the distrib 
days if not executed using a cloud - aware copy command . uted filesystem being snapshotted . As described previously , 
More specifically , consider a common distribution operation global snapshots for a distributed filesystem can be achieved 
in a software development build environment . Application by initiating a snapshot operation in each cloud controller 
developers may initiate a " release ” operation that copies a 5 and then triggering a set of update events that share the 
large number of executable binary files and supporting resulting snapshot state between the cloud controllers ( via 
libraries to an export directory in a workflow hand - off to one incremental metadata snapshots ) , thereby effectively captur 
or more other ( local and / or remote ) teams that then perform i ng the entire state of the distributed filesystem at that 
additional operations for the files ( e . g . , application testing , moment . However , such global snapshot operations may 
language localization , etc . ) . Using a script that leverages 10 involve considerable overhead , and frequent user - initiated 
cloud commands ( e . g . , cloud - aware copy commands ) allows global snapshots may result in the exchange or capture of 
the files to be copied in a fast and seamless manner regard substantial amounts of data ( e . g . , temporary data ) that might 
less of whether they are already cached by the cloud otherwise might not be snapshotted or transferred through 
controller . The use of cloud commands enables the copy to out the system . The time interval for periodic system snap 
complete quickly , thereby allowing the metadata for the 15 shots may be tuned to ensure that global data and metadata 
copied files to propagate to the other cloud controllers for temporary data is typically deleted before being snap 
quickly . Locality policies can be used to selectively pre - load shotted . 
( or not pre - load ) the data blocks for the copied files at other In some embodiments , to ensure that user - initiated snap 
sites ( e . g . , at each given site ' s cloud controller ) based on the shots do not contribute to declines in distributed filesystem 
anticipated immediacy of use , with each receiving team then 20 performance , an administrator for a distributed filesystem 
accessing the files normally via the distributed filesystem . may limit the scope of snapshots that can be initiated by a 
As described previously ; any cloud controller already cach - given user ( via cloud commands ) . For example , an admin 
ing data blocks for the “ released ” files ( potentially due to istrator may configure a set of permissions for each user to 
previously - accessed data blocks from other file data blocks specify whether a user may initiate snapshots , and specify 
containing the same content ) can already serve these same 25 whether snapshots initiated by a given user are : limited to 
data blocks to clients accessing the new export directory , or that user ' s portion of the filesystem ; limited to a specified set 
can load uncached data blocks from the cloud storage of files ; or unlimited ( e . g . , can snapshot the entire distributed 
system as needed . filesystem ) . In some scenarios , a user may also be allowed 

FIG . 37 presents a flow chart that illustrates the process of to specify the scope of the snapshot when initiating a 
executing a cloud command ( also referred to as a distrib - 30 snapshot cloud command . In another exemplary scenario , an 
uted - filesystem - specific action ) . Two or more cloud control - administrator may limit the frequency with which a user 
lers collectively manage distributed filesystem data that is may initiate snapshots or specify a minimum time interval 
stored in one or more cloud storage systems ( operation between user - initiated snapshots . 
3700 ) ; the cloud controllers ensure data consistency for the Note that techniques for using cloud commands to initiate 
stored data , and each cloud controller caches portions of the 35 snapshots and / or grant permissions to initiate snapshots may 
distributed filesystem . During operation , a cloud controller be implemented using a range of techniques . For instance , a 
presents a distributed - filesystem - specific capability to a cli - system administrator may use command - line cloud com 
ent system as a file in the distributed filesystem ( e . g . , using mands such as : 
a file abstraction ) ( operation 3710 ) . Upon receiving a request echo " permit write < username > < path > " > / cloudcmd / snap 
from the client system to access and / or operate upon this file 40 to grant a specific user ( specified as “ < username > ” ) permis 
( operation 3720 ) , the client controller executes an associated sion to initiate cloud commands that perform snapshots on 
cloud command ( operation 3730 ) . More specifically , the all or part ( specified using " < path > ” ) of the distributed 
cloud controller , upon receiving the request , detects that the filesystem . A user receiving such permissions can then 
file access involves a file that represents ( e . g . , is associated initiate desired snapshot operations via any client , applica 
with a cloud command ( and hence is not a read or write 45 tion , or other interface . For example , a user may initiate a 
access for a typical data file ) , and initiates a set of cloud snapshot for the entire distributed filesystem or a specified 
command event handlers and / or program instructions that sub - hierarchy by performing the following exemplary com 
perform the enhanced distributed - filesystem actions that are mand - line cloud commands : 
associated with the invoked cloud command . 

In some embodiments , cloud commands can be used to 50 — 
perform and / or enhance a set of distributed filesystem opera echo " execute ” > / cloudcmd / snap , or 
tions that include , but are not limited to : echo " execute / cloudfs / fs / dir1 " > / cloudcmd / snap . 

performing user - initiated snapshot operations ; 
specifying locality policies ; Note also that exposing the notion of snapshots to users 
snapshotting and cloning virtual machines ; 55 may involve providing some additional information and / or 
synchronizing and backing - up database application data ; capabilities associated with snapshots to users and clients of 
moving data to archival storage ; and the distributed filesystem . For instance , in some embodi 
recovering data from archival storage . ments cloud controllers may expose information and / or 
In some embodiments , cloud commands enable users to different versions of snapshotted files to clients and users 

initiate a snapshot for some or all of a distributed filesystem 60 using a set of user - visible snapshot directories . In some 
at a given moment in time . For instance , a user completing implementations , such snapshot directories may be orga 
some unit of work upon a set of files may want to ensure that nized as separate file hierarchies ( for each given snapshot ) 
a snapshot of those modified files be created immediately that can be traversed by clients ( or users ) that have permis 
instead of at a system - chosen time ( e . g . , so that the state of sion to access that snapshot ; more specifically , these file 
those files and / or the entire distributed filesystem at that 65 hierarchies can be traversed to access file state at the time of 
specific point can be revisited if needed in the future ) . Note the given snapshot ( and may involve using additional cloud 
that the computing and storage overhead for a snapshot commands to restore a previous snapshotted version of a 
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file ) . Alternatively , in other implementations , every filesys - will need to be subsequently written to the cloud storage 
tem directory may include a hidden snapshot directory ( e . g . , system ) . Hence , cloud commands can be used to substan 
a directory named “ . snapshot ” ) that facilitates accessing the tially improve the start - up times of virtual machines . For 
different versions available for files in each given filesystem instance , users may use cloud commands in a scripting 
directory . For example , in the context of FIG . 36 , the 5 manner to programmatically create ( e . g . , clone ) a large 
directory / cloudfs / fs / dir1 includes the most recent version of number of virtual machines without requiring any additional 
file X and a hidden snapshot directory . snapshot that data storage . 
includes multiple snapshotted versions of files in the dir1 In some implementations , a parent virtual machine ( or 
directory ( e . g . , snapshots of previous versions file X , multiple different parent virtual machines ) may be created in 
X . VER _ 1 through X . VER _ N , as illustrated , as well as 10 a separate , dedicated filesystem or sub - hierarchy of a file 
snapshotted versions of other files in the dir1 directory ) ; system , thereby logically separating the virtual machine data 
these files may be identified by date and time ( e . g . , from other unrelated data and facilitating subsequent cloning 
X . 2013 _ 06 _ 20 - 13 : 21 ) to facilitate identification and access . operations for one or more virtual machines . Note that , as 
This implementation integrates the snapshot hierarchy into described previously for backing - up virtual machines , some 
the distributed filesystem structure , thereby allowing client 15 sub - portions of the virtual machine data ( e . g . , temporary 
applications and / or users to browse through available snap - files ) may not be needed for the cloned virtual machines ; the 
shotted versions of files without needing to traverse multiple vm _ copy command and / or scripts may be configured to 
different snapshot hierarchies . In some implementations , exclude such unneeded data , or a system administrator may 
cloud controllers may further be configured to only show configure the parent virtual machines to store this unneeded 
( and / or only allow access to ) snapshot directories and / or 20 data in a different portion of the distributed filesystem ( e . g . , 
hierarchies to users , clients , and / or applications that have in a location distinct from the dedicated storage areas that 
been granted sufficient permissions to access and / or create will be cloned ) . 
snapshots for the distributed filesystem . In some embodiments , cloud commands can be used to 

In some embodiments , a filesystem interface for the enhance the operation of database applications executing in 
distributed filesystem can also be used to specify locality 25 the distributed filesystem environment . A database " dump " 
policies . More specifically , cloud commands can be used to operation ( e . g . , backup ) typically involves writing out all of 
implement , complement , and / or expand upon the capabili the data contents of the tables in the database to one or more 
ties of locality policies . For instance , command - line cloud files that are structured for backup purposes ; note that these 
commands may be used to identify files and / or directories to files are structured differently from how an active database 
be : pinned on one or more cloud controllers ; mirrored to one 30 typically stores data on a disk storage device . Creating such 
or more additional cloud controllers ; immediately loaded to backups involves bringing the database into a quiescent state 
any cloud controller that is accessed by a given user and / or ( e . g . , pausing all incoming queries or other requests and 
client ; and / or subject to a range of other behaviors . flushing all modified data in memory to persistent storage ) 

In some embodiments , cloud commands can be used to to ensure that the database data is in a consistent state , and 
enhance the operation of virtual machines executing in the 35 then writing out the full set of consistent ) database data to 
distributed filesystem environment . During normal opera - perform the actual dump operation . In contrast , for a data 
tion , executing a virtual machine involves copying the base application executing in the context of a distributed 
virtual machine ' s executable code , executing the executable filesystem , all of the database data blocks that are written to 
code , and performing a number of initialization operations . the distributed filesystem can be preserved in the cloud 
In contrast , cloud commands can facilitate quickly copying 40 storage system persistently , thereby allowing subsequent 
and / or cloning existing virtual machines . For example , a database applications to be restored to a previous state as 
system administrator for the distributed filesystem may needed ( e . g . , after the database application has crashed ) 
perform the initial execution and initialization for a virtual without needing to perform a dump operation . However , the 
machine , and then perform a snapshot for the state and the database application does still need to synchronize all in 
data of the virtual machine ( e . g . , using a cloud command ) 45 memory data to the distributed filesystem so that all of the 
after the initialization operations have completed . Users can database data is consistently stored in a set of data blocks at 
then subsequently use another cloud command ( e . g . , / cloud - a given time . A cloud command ( e . g . , / cloudcmd / db _ sync ) 
cmd / vm _ copy ) to clone this existing virtual machine , may be used to trigger the database application to perform 
thereby bypassing the overhead of instantiating a new virtual such a synchronization operation . For example , a system 
machine . Note that these techniques may incorporate aspects 50 administrator may use this synchronization cloud command 
of the above - described cloud - aware copy command . followed by a snapshot cloud command to put the database 

As described previously , virtual machines that are being into a consistent state and then ensure that an explicit 
executed from the distributed filesystem may be configured snapshot is made of that consistent state ; all updated data 
to write runtime and / or operating data into the distributed blocks written by the database application are then propa 
filesystem . In this context , cloning a virtual machine may 55 gated to the cloud storage system using the previously 
involve performing such cloud - aware copies to copy all of described mechanisms , thereby effectively ensuring that the 
the data for the snapshotted virtual machine to a new data used by the active database application is mirrored ( and 
directory , and then having the new clone of the virtual backed up ) without incurring the additional overhead and 
machine begin execution in this new directory . If the host database down time associated with performing an explicit 
cloud controller is already caching the data blocks for the 60 dump operation . 
snapshotted virtual machine , the new clone of the virtual In some embodiments , cloud commands can be used to 
machine will already have access to all of its needed data , both archive data that is not currently needed in the ( active , 
and can begin executing immediately ( e . g . , the copy - on - non - archived ) distributed filesystem to an archival cloud 
write properties for the distributed filesystem mean that each storage system as well as to retrieve and access archived data 
cloned virtual machine will initially have the same charac - 65 that has been previously moved to an archival cloud storage 
teristics and data blocks as its " parent " virtual machine , and system . As described previously , data blocks may be moved 
that only modified portions of the cloned virtual machine to such an archival cloud storage system after not being 
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