COFS: A Tool for File System Virtualization

Abstract able to provide a sustained flux of data to the distributed

. .. ___.computing elements.
Currentfile systems are not adequate to handle efficiently puting _ . — .
At the same time, there is a widening range of sci-

all kinds of loads: a parallel file system like GPFS can s d il licati King t loit
span across a high number of nodes providing a POSI ntifc and commercial applications seexing 1o explol
these new computing facilities. The requirements of

interface, but may behave poorly with small files or big h licati o het v lead
directories with high inter-node sharing ratios; pyFs2SUch appiications are aiso helerogeéneous, usually ‘ead-
g to dissimilar patterns of use of the underlying file

offers good performance for shared access, but only1 ; This trend is f dbvthei . b
for MPI-1O applications; Hadoop DFS offers efficient systems. 1his trend 1S favored by the increasing numboer

streaming access to large files, but has a relaxed semaﬂt high-end computing facilities that aim to be “general

tics and offers almost no support for shared updates. . .Ag_urpo&%i 1N T:ontrast .‘?.”th thilmore focuse: systems de-
no single file system fits all needs, data centers usuall 'gned to Solve SpEclic problems or run homogeneous

end up with more than one file system type, or at leas orkloads that, for example, populated the high ranks of

with more than one file system configuration (with dif- the Top500 [3] list just a few years ago.

ferent number of servers, block and cache sizes, redun- Nevertheless, typical distributed and parallel file
dancy policies, etc.) systems are heavily oriented to provide performance

The multiplicity of file systems and the exposure of for workloads with specific characteristics (reduced or

their internal structure and layout pushes the responsibill®W Scale write shares, supporting mpi-io applications,
ity of placing the files in the right place onto the users Streaming data, etc.), jeopardizing the ability to adapt to

who, instead, should be able to organize data in a Sensy_arying use patterns from different applications. They

ble way, regardless of low level features or resources. TO"& also introdu_ce_ additional restric_tions which depend
solve this situation, this paper proposes using a virtual®" the characteristics of the supporting platform (cluster
ization layer between the user and the raw file system(s\%'ze’ interconnection network, number of servers, num-
that is able to take sensible decisions on where and how®" of clients, etc.); the file system has then to be finely
files should be placed to take advantage of underlyimjuned (by means of cache sizes, imeouts, etc.) and deci-

file system(s) features. We present COFS (COmpositéionS takgn through these sett?ng; may alter factors such
File System) as a framework providing this virtualiza- as the optimum number of entries in a directory, the max-

tion. Finally, we also present and evaluate an exampldMUm concurrency level when accessing the name space

of use that boosts the performance of an existing paralidli€rarchy or the most adequate pattern to access files.

file system through the virtualization of its name space. ~Computation centers try to support the distinct re-
guirements by providing several file systems (or at least

different file system configurations), which are tradition-
1 Introduction ally mounted on separate branches of a directory tree.
The burden of file system complexities and restrictions
High-performance computing is rapidly developing into is then explicitly passed to the user, who must keep in
large aggregations of computing elements in the form oimind the nuts and bolts of each specific file system and
clusters or grids. In the last few years, the size of suclits configuration in order to achieve good results. In par-
distributed systems has increased from tens of nodes fiicular, a user must:
thousands of nodes, and the number is still raising; con-
sequently, there is also a need for parallel file systems e Know how the available file systems are organized,



which services/features are available in each of2 Related work

them (block sizes, automatic backup services, high

availability, etc.) and to which branch of the direc- It is widely known that current parallel and distributed

tory hierarchy each file system is attached. file systems constitute a potential bottleneck for the high

o o I/0 demands of the applications running on large-scale

* Explicitly choose which file system to use by plac- oo mpyting clusters. Given the complexity of file sys-

ing the files in the corresponding branch of the g mg 4 |0t of work has been done to address different

directory tree (which may not correspond with & jqq e from different perspectives. In this section we try

Iog|caI/funct|onaI/sens_|bIe organization of the files 1y summarize some of the developments that constitute

from a user's perspective.) the foundation of our present work.

e Make sure that each file system instance is used ac-

cording to specific rules (e.g. 100,000 filesinoneo 1  FEijle system specialization

directory may be fine on a certain file system, but it

may crash the whole system on a different one.) Modern file systems try to adapt to the new demands
by means of specialization. These optimizations allow
tto achieve efficiency for a given set of workloads, but
‘there is a cost in terms of lack of performance for non-
ptimized cases, or changes in semantics that make the
ystem inadequate for non-targetted environments. In

Our proposal consists of using virtual layers to preven
the exposition of the file system internal structure, free
ing the final user from the burden of handling it by inter-
posing intelligent modules capable to take advantage o

The Hadoop Distributed File System [6] is designed
r streaming access to large data sets and fault toler-
nce; to this end, they use a very relaxed consistency

providing independence from the storage location of date%O
blocks, but also by transparently re-structuring the elctuaa

directory and i-node information. . 4 )
In order to demonstrate the feasibility of adding a nemedel’ assuming that files are rarely changed once writ-
y 9 ten, which makes it inadequate for simultaneous paral-

layer above raw file systems without harming the perfor-

. X I?I write accesses. The closely related Google File Sys-
mance, as well as having a testbed for testing placemen . . o :
tem [13] is also highly specialized on sequential accesses

policies, we have developed the COmposite File Systerrgind “append-only” modifications.

(COFS): a proof-of-concept framework based on decou-" o "o hand, “parallel” file systems do provide

pling the file system metadata and the name space hier- ; ) h .
archy from the data handling, and making a heavy usé’nechanlsms for simultaneous parallel access (including
of union file system conceptsj As an application exam-Writin.g) but, even then, they tend to specialize and favor
ple, we have deployed the COFS framework on our tes?peCIfIC workloads.

cluster, and have used it to boost the performance of its IBM's GPFS [22] provides POSlX .semantu.:s.across
very large-scale clusters and is specially optimized for

native parallel file system by transparently re-arranginqarge contiguous I/O operations; nevertheless, the com-

the user file hierarchy without altering the user view. ; ; .
The main contributions of this paper can be summa-loIexlty ofthe cqheren_ce mech_anlsms_may hinder the per-
rized as: formance for high ratios of write sharing.
Lustre [7] also offers a POSIX interface and tries to
1. Proposing the use of virtualization techniques to adsimplify coherence handling by centralizing metadata
dress different file system issues and limitations,management. It achieves good behavior for parallel
based on fully decoupling the metadata and namenetadata operations and distributed I/O requests; on the
space from the actual file system structure. other hand, some studies show that its data striping poli-
cies are not adequate for MPI-IO implementations [30].
Finally, PVFS2 [4,8] has evolved to overcome some of
the parallel performance issues by going further into spe-
cialization and focusing on specific parallel access I/O
The rest of this paper is organized as follows: next secmodels such as MPI-10; as a counterpart, it offers a re-
tion summarizes related work; in section 3 we discusdaxed semantics, and performance is poor for POSIX-like
our working hypothesis and the potential applicationsparallel operations.
of our virtual file system model; section 4 describe the Recently, some studies tried to experimentally deter-
implementation details of the COFS framework; a casanine the strong and weak points of different parallel
study and performance results are shown in sections file systems and how they behave under different work-
and 6; finally, we outline our plans for future work. loads [9, 23]. Another evaluation, focused on PVFS2,

2. Implementing a proof-of-concept framework and
evaluating its ability to boost the performance of a
parallel file system as a case study.



aimed to isolate the different causes of performancedioning via hame space: when a user decides to place
losses and determine their impact [16]. Additionally, ef-files in a directory path crossing a certain mount point or
forts are being directed to mitigate some of the issues anflinction, all those files will essentially be handled in the
limitations, at least for specific cases (e.g. hierarchicabame way, regardless of how they are to be used.
striping for Lustre [30] or specific file creation strategies  An alternative to the explicit name space partitioning
for parallel /0 [10].) is based on stackable file systems. Stackable file sys-
Our proposal aims to combine the different optimiza-tems are a well-known technology that can be used to
tions by transparently redirecting requests to the file sysextend the functionality of a file system [31]. In par-
tem which is most suitable for the current needs. Fotticular, fan-out stackable file systems (orion file sys-
cases where no single file system fits well, our COFSems) can combine the contents of several directories
framework also allows combining different file systems (possibly in different file systems) into a unified“virtual”
or transforming the requests using solutions designed foview [20, 21, 29]. Essentially, each operation is for-
specific situations. warded to the corresponding objects in all the underlying
file systems and the resultis a sensible composition of the
operation results for each layer, including file attributes
and other metadata.
Most of current file systems offer a “global” name space, RAIF [15] uses this mechanism to combine several
where “global” means that each object has an identifiefile systemslfranches) into a single virtual name space.
which is valid across the whole system and can be used tthternally, the directory structure is replicated on all
refer to that object from any place. Usually, this conceptbranches, and regular files are placed (possibly striped)
is mapped into a unique hierarchical directory tree wherdn specific branches according a set of rules matched
files are grouped inside directories and identified by itsagainst file names. In other respects, RAIF is very tied

directory “path” from the root and a unique name insideto the low-level underlying file systems for conventional
the directory. file metadata management, so it may suffer from opera-

This view of a “path” from a common root is also use- tions that require synchronous accesses to all branches.
ful when data spans across several storage nodes, parti-Our proposal combines several aspects of the different
tions or even file systems.This unified hierarchy is someapproaches: explicit file system boundaries are avoided
times refereed to as a “virtual” name space. (|e no mount points: any file in any part of the name

IBM’s GPFS [22] distributes the name space-relatedspace can be on any file system), and metadata and name
metadata across several nodes much in the way it disspace management are decoupled from data handling (as
tributes data files (directories are essentially treated a#t PVFS2 or Lustre), but also from the underlying file
special files). Other file systems, such as Lustre [7]Systems (no need to replicate the user view of the direc-
Ceph [26] or PVFS2 [4] decoup|e metadata and naméory hierarChy into the the low-level file SyStemS.)
space management from data accesses, having special-
ized service'_s and distinct storage mechanisms for name 3 Other file system virtualizations
space handling.

Mechanisms to maintain name space coherence alsbhe use of virtualization techniques applied to file sys-
vary with file systems: GPFS uses distributed lockingtems is not a new topic. They have been used at different
techniques; PVFS2 prevents consistency problems bievels of the file system to hide complexities and facili-
distributing metadata with a “no shared data, no cachedhate the storage management.
data” policy [23]; and Lustre uses a single metadata Acting on the lowest device level, Parallax [25] uses
server to avoid conflicts. Panasas [28] (closely related t@ virtual machine to offer a block-based interface hid-
Lustre) organizes the directory tree into separated “voling a distributed storage environment. In a similar way,
umes”, having a single metadata server per volume. VolPeabody [14] uses a software-based iSCSI target to pro-
umes appear as directories in the name space root, whichde virtual disk images that a local file system can then
act as “mount points” in a classical Unix file system. use as a backing store.

The approach used by ONTAP GX [12] is also based At the infrastructure level, ONTAP GX [12] virtual-
on volumes; nevertheless, they tend to be small and thizes the file system servers and network interfaces used
“mount points” (calledjunctions) may be located any- to access the file system data, offering a single virtual
where on the name space. Additionally, a virtualizationlarge server with multiple interfaces and allowing trans-
layer makes easy to physically re-locate or replicate garent reprovisioning of physical servers.
whole volume for performance or capacity reasons, in a Virtualization is also used at the name space level.
transparent way from the user’s point of view. ONTAP GX provides a virtual layer allowing volumes

The file systems mentioned above use explicit parti{directory subtrees) to be transparently re-located or

2.2 Global and virtual name spaces



replicated. On the other hand, RAIF [15] uses virtual- from optimum sizes for reads and writes up to how

ization to divert the target file system for individual files, many directory entries fit in a cache block.)
though the directory tree itself is not virtualized, but di- ) ] - S
rectly mapped into the underlying file systems. 3. Changes in the computing facility (reprovisioning,

upgrades, etc.) may alter the optimum file system

The prototype presented in this paper (COFS) exploits e PHT
parameters, requiring a new optimization process.

virtualization at the name space level, using single file
granularity and virtualizing also the directory hierarchy
Working at file level makes it easier to determine use pat-
terns and select the most appropriate layout for the file.
Of course, this does not coerce the use of additional vir-
tual layers by the low level file underlying file systems.  The final cause of these issues is that the internal struc-
tures of file systems are exposed to the application level.
While users think in terms of abstractions like files log-
ically organized in hierarchical trees, file systems have

. S a quite rigid map between such abstractions and the ac-
3.1 The price of optimizations tual data layout; as a consequence, small changes in log-

There is a widening gap between the computing IOOWe}cal da_lta qrganization may have significant (and possibly
of current large scale platforms and the performance that€9ative) impact on performance.
file systems deliver. Current trends in file systems try

to overcome this gap by optimizing the file system in-3.3  Advantages of high-level virtualization

ternals and its configuration to satisfy the most common . ) ) ]
demands from the high level applications. Our proposal consists of taking advantage of a virtualiza-

This has a price. Providing certain features or opti-ion layer on top of conventional (and maybe optimized)
mizing certain operations may strain the requirements ofll® Systems. Eveniif some control over physical layoutis
other components beyond practical limits (e.g. a direc_apparentlyilpst, the multlpllglty of layers of current file
tory structure may be designed to contain an extremelyYStems mitigates the negative effects [24] and may even
large number of entries; however, if strictly consistent/MProve some results [15].

parallel accesses is required, then the cost of coherence We strongly believe that decoupling the file system
handling may penalize such large directories.) As a remetadata and name space from the actual data layout is

sult, optimized file systems bring up a set of restricted® key factor. Metadata management at low-level file sys-
conditions under which they can operate with efficacy.lem layers is usually heavily tied to the low level data
Such file systems may be very efficient in their domains,layOUt- aiming to efficiency; nevertheless, this makes the
but performance drops when limits are forced. inner limitations and complexities visible to the applica-
On the other hand, the spread and availability of largd'o"nS: _
computing facilities has increased the diversity of appli- ©On the contrary, we consider that the metadata and
cations targetted to run on them, bringing different 1/0 "@me service must provide a convenient view of the file
needs; so, each time is more difficult for a single file sys-SyStém for the user, and transparently convert user re-
tem to match all needs. At the end, some application§U€sts into the appropriate low-level file system opera-

end up paying the price of features and optimizations thafions, @dapting them to the advantages and limitations of
they cannot use [23]. the underlying file systems. The building blocks we plan

to use are:

4. Last but not least, the user may not have the oppor-
tunity, the capability or the time to carry out such
adaptations.

3 Rationale

3.2 Dealing with multiple file systems ¢ Virtualization of the file system by decoupling the
metadata and the name space hierarchy from the ac-
The first approach to solve this situation consists of pro-  tual file layout in the low-level file system(s).
viding several file systems with different settings on the
same computing center. This has several drawbacks: e File system composition to combine underlying file
systems with different features and capabilities, uni-
1. The application must be adapted to a specific com-  fying them under a common layer.
puting facility and moving it will have a higher cost
(as other Computing premises may use different file Itis important to note that we do not intend to build a
systems configured in different ways.) new file system from scratch, but to prove that it is pos-
sible to increase the overall performance by leveraging
2. The user should know the low level details of the existing file systems and make a combined use of their
system (this may be arbitrarily complex, ranging strong points while mitigating the disadvantages.



Some concrete areas that may benefit from these vimplied across file systems: when peaks occur, they could
tualization techniques are: be detected and files would be written to a different file
system. There are two main advantages: first, the pres-
sure on the saturated file system is reduced, so it can
trade-offs of a particular file system. Thus, it can trans- cCOVer faster; second, by using ad_d itional file system

o : . servers, storage-related network traffic has more chances
late application needs into actual layouts which are abl : . . ) :
T 0 use a bigger portion of the available bandwidth, possi-
to take advantage from optimizations and tuned param; . .
. 4 - bly reducing the overall response time.
eters. Being this transparent, the administrators have _
the freedom to change or adapt configurations without Extended features.Having a decoupled metadata and
affecting application performance. As an example, ahame service allows for feature extensions that can be
virtualization module could split a large user directory activated per-file (and not globally at file-system level).
into smaller ones so that the number of entries is largéSuch extensions may include security and cryptographic
enough to fill a data block (to improve cache usage)modules, versioning, different coherence models, etc.
but small enough to prevent false-sharing conflicts andvirtualization can provide these specific services by sim-
avoiding unnecessary synchronization traffic (handlingPly diverting the specific file to a file system supporting
low-level details that the user does not need to be awarthe desired features, or by having a module implement-
of.) In a similar way, other improvements such as hieraring them at high level (e.g. replication could be provided

chical striping [30] could be transparently applied whenby a low-level file system using RAID mechanisms, or
needed. by the virtualization layer by diverting writes to two or

more different file systems.)

- Bypassing the limitations of current file systems.A
virtualization module can be aware of the optimization

- Automatically mapping files into the most adequate

file SyStem. For data Centers- W|th several file S.ystemsl it In the fo”owing sections we present our framework to
would be possible to use an intelligent module in the vir-explore these possibilities. Our performance results fo-
tualization layer to decide the best location for each file:cys on the first item: using virtualization to improve the
the user may have his own tree structure (which does nq§ehavior of an underlying file system for non-optimum
need to take into account file properties and intended usyorkloads. The COFS prototype shows that the poten-

age) and the files will be transparently located in the filejg| penefits are higher than the costs of virtualization.
system that is best for them. Prediction algorithms and

other heuristics can be used to guess the requirements of
newly created files, using the name, logical location, the4
user or the job that has created the file as inputs for th
prediction algorithms.

COFS implementation

?Ne have developed the “Composite File System”
ST ) _ (COFS), a proof-of-concept prototype aimed towards the
- Replicating files into different file systems. Virtual-  ;ityalization of file systems which helps us understand-

ization at file system level can also be used to maintainng how the file systems behave at low level, and pro-

replicas of the same data into different file systems, botjides a framework for testing and evaluating our ideas.
for availability and load balancing [15]. Additionally,¢h  |ts main goals are:

replication mechanism can be used to provide extended
features and allow different use patterns. For example, a e Decoupling the user view of file hierarchy from the

large multimedia file can be located in a parallel file sys- actual layout, so the latter can be optimized for the
tem, allowing efficient access from a distributed applica- underlying file system(s).

tion while it is being generated and/or modified, and be
replicated to a streaming file system to allow fast stream-
ing sequential access for visualization.

e Being able to divert files from the same directory
into different file systems, transparently to the user.

. . , This, together with the previous item, provides a
- Write off-loading to improve performance and band- virtualized global name space.

width utilization. It is frequent to see that writes from

many clients (possibly to different files) are done simul-  Additionally, COFS has been conceived as a tool al-
taneously in burst. This may cause some servers satlewing us to track operations at file system interface (to
rate and prevent them from offering the desired perfor-obtain a detailed trace of the system behavior), to explore
mance. In this situation, write off-loading at block level different mechanisms for metadata handling and assess-
has been proposed as a technique for both keeping thag its impact on performance, and to test different poli-
performance and reducing the power consumption [17]cies and parameters for laying out data in the underlying
block writes are temporarily diverted to a different serverfile system(s).

until the real target recovers its capacity. Using file sys- Despite being a proof-of-concept prototype, having a
tem level virtualization, the same technique can be apreasonable performance is a major requirement, as we



@ 4.1 Architecture
| Fig. 1 shows an example of how the COFS prototype in-

tegrates in a multi-file system environment. File system
A is served by 3 file servers, while file system B has a
single file server front-end) clients are able to contact

e the servers through the network and, in a typical setup,

File
System
Server
(FS.A1)

File
System
Server
(FS.A2)

File
System
Server
(FS.A3)

File
System
Server
(FS.B1)

/ \ they would mount A and B on separate branches of their
local directory trees.
%N'F'ED/RTUAL F'LEX@EM \ COFs COFS introduces an extra layer on each client provid-
/ / \ \ e ing a unified virtual view of the multiple file systems,
while metadata information is handled by an additional
COFS/FUSE J COFS/FUSE J COFS/FUSE J COFS/FUSE J

node. It is important to mention that even though we use
a single metadata server in the current stage of imple-
mentation, this is not forced by design, and the frame-
Figure 1: A multi-file system architecture, aug-  work also admits a distributed metadata service (we will
mented with COFS-based virtualized file system be back on this issue later.)

The COFS layer on each node offers a file system in-
terface, so it can be mounted as any other file system.
The implementation is based on FUSE (Filesystem in

. .USErspace [2]), which provides a kernel module that ex-
pretend to show that the mechanism does not have a S'gﬂ)’orts VFES-like callbacks to user-space applications. The

nificant_overhead a_nd, on the contrary, may boost perforgecision to use FUSE was driven by both portability and
mance in several situations. level of support, as well as easy of development. FUSE is
. . . astandard componentof current linux kernels (also avail-
Also, POSIX compliance was a strong design requIr®-,ple for other operating systems) and provides a stable

ment.  Apart from the fa(_:t that this is still the domi- platform for implementing a fully functional file system
nant model for most applications, our goal was reduc-

ina th : o ¢ underlving fil 'in a userspace program. Considering our experimental
ng t_ e_(_)peratmg restr|<_:t|ons ot underlying tie _SyStems’goals, the downside of missing some kernel-level infor-
so, limiting the semantics was not an option: if POSIX

L2 . e mation that is not exported or forwarded to user level,
semantics is required and the underlying file system SUP;znd possibly minor efficiency losses, is largely compen-

ports It, therj COFS ShO,UId also be able to deal with it.g5eq by having a drop-in environment that can be used in
The currentimplementation fully supports POSIX eXCePLnst linux boxes without requiring specific kernel mod-
for some functionalities which were not relevant for our ifications

present work (namely named pipes.) Once intercepted by FUSE, file system requests are
- . internally diverted by COFS into two different modules
Itis important to mention that the framework does not (the data and metadata drivers) with well-defined inter-

directly deal with data. Thereis no managementofdisksfaces (Fig. 2). The data driver is responsible for mappin
blocks or storage objects: COFS simply forwards data 9.2 P pping

requests to the underlying file systems and indicates an
appropriate low level path when a file is created. Then it
is up to the underlying file system to take the decisions
on low-level data server selection, striping, block/objec

placement, etc. In this sense, COFS is not a complete file
system, but a tool to leverage the capabilities of underly- siin|  syimp | | mescats
ing file systems. service
7/ /
On the contrary, COFS does take the responsibility Dt d( Metada/ta
on high level metadata management. By metadata we ot et J driver J

specifically mean access control (owner, group and re- File System Interface

lated access permissions), symbolic and hard link man-

agement, directory management (both the hierarchy and s |

the individual entries) and size and time data for non-

regular files (sizes and access time management for redrigure 2: Detail of COFS client architecture and in-
ular files rely on the underlying file system.) terfaces




the regular files into the underlying file system(s), while (with built-in support for transactions and fault toler-
the metadata driver takes care of hard and symbolic linksance mechanisms). Additionally, the Erlang language
directories, and generic attributes. Some operations nedths proven to be a good tool for fast prototyping of highly
the collaboration of both drivers: for example, creatingconcurrent code (the language itself internally deals with
a file involves creating an actual regular file on a convethread synchronization and provides support for trans-
nient location (a data driver responsibility) and updatingparently distributing computations across several ndpdes.
the proper entries in the directory (done by the metadata The current COFS prototype uses a single metadata
driver). SO, an interface is also defined for Communica-server running an Er|ang node with an instance of the
tion between both drivers. Mnesia database. It also keeps the current working set of
metadata information as a cache of active objects, using
a concurrent caching mechanism similar to the one de-
scribed by Jay Nelson [18]. The client’s metadata driver

The COFS modular design allows us to easily test dif_simply forwards requests to the server, and handles meta-

ferent policies for both data and metadata handling. B);iata caching and leases.
now, we have two different drivers for the data module:

the sparse driver and thenull driver (which redirects all

data-related requeststdev/ nul | andisusedfortest- 5 Case study

ing and evaluation purposes.)

The sparse driver implements a very simple policy to  One of the motivations of our work was the performance
re-organize the user’s file hierarchy into something ad-drop observed in some of our large production clusters.
equate to take advantage of the underlying file systemSuch clusters have GPFS file systems, and an heteroge-
When a new file is created, its actual location is not theneous workload comprising both large parallel applica-
path indicated by the user, but an automatically generatetions spanning across many nodes, and large amounts of
path that depends on the node issuing the create requesélatively small jobs.

the parent directory in the user’s view, and the process oyr observation indicates that typical modus operandi
creating the file. ends up creating large amounts of files in the same di-
Several parameters can be tuned fordqberse driver:  rectory. Large parallel applications usually create per-
the depth of the actual directory tree, the maximum numnode auxiliary files, and generate checkpoints by having
ber of files and subdirectories in an actual directory, anteach participating node dumping its relevant data into a
a randomization factor. The entries per directory affectdifferent file; not unlikely, applications place these files
the way in which caches can be exploited, while the tregn a common directory. On the other hand, smaller ap-
depth can mitigate false-sharing accesses to the same dfitications are typically launched in large bunches, and
rectory. The randomization factor can help to balance thysers configure them to write the different output files in
pressure in situations where a single process creates logsshared directory, creating something similar to a file-
of files that are then accessed by multiple clients. Thehased results database; the overall access pattern is sim-
overall result of thesparse policy is distributing the files ilar to that from a parallel application: lots of files are

across several directories, while keeping them looselyeing created in parallel from a large number of nodes in
grouped by creator and proximity in the user’s view. a single shared directory.

4.2 The data driver

Very large directories, specially when populated in
parallel, require GPFS to use a complex and costly lock-
ing mechanism to guarantee the consistency, resulting in

For COFS, we decided to take a conceptually centralfar-from-optimal performance. The overhead is not lim-
ized approach for metadata because of its simplicity. Wdted to the “infringing” applications, but affects the wiol
dealt with scalability concerns by leveraging the well- SyStém, as file servers are busy with synchronization and
know technology of distributed databases: metadata cadll file system requests are delayed.
be seen as small set of tables having information about Virtualization techniques based on decoupling the
the files and directories and, in case of need, it could béaame space from the actual low-level file system layout
distributed into several servers by the database engine isould mitigate the issue, offering large directory views
self (without the need of explicit partitions.) to the user while internally splitting them to reduce the
To this end, we chose the Mnesia database, whictgynchronization pressure on the GPFS servers.
is part of the Erlang/OTP environment [1]. Mnesia Next section presents a preliminary evaluation of our
provides a database environment optimized for sim-COFS prototype in order to assess its ability to mitigate
ple queries in soft real time distributed environmentsthis issue and boost a single GPFS file system.

4.3 The metadata service and driver
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Figure 3:Effect of external workload on GPFS efficiency (with different scales)

6 Performance results ployed to obtain the measures minimized the impact of
punctual variations of system behavior, getting accept-
6.1 Experimental setup able statistical confidence levels.

Our test environment consisted of a cluster of 70 IBM :
JS20 blades, with 2 processors each (PPC970FX) an%'2 Base system behavior
4GB of RAM. Blades were distributed in sevetddde  Understanding under which conditions a file system has

centers: each blade center had an internal 1Gb switcha good performance, and which are the factors that neg-
and different blade centers were interconnected throughtively affect it, is the starting point for boosting it.

non-uniform network links (SO that available bandwidth Our first experiment consisted of determining the ef-
is not the same for all blades.) We conducted our test$ect of the production workload on the file system be-
on a GPFS file system, based on two external Intel-baseflavior. To that end, we executed thetarates bench-
servers connected to the cluster by 1 Gb link each. mark using the cluster in dedicated mode, and then com-
The current COFS prototype deals with metadata oppared the results with the cluster shared with a produc-
erations, and simply forwards data requests. So, we usetbn workload.
metarates[5] as a benchmarkMetarates was developed Fig. 3 shows the differences observedsmt andcre-
by UCAR and the NCAR Scientific Computing Division, ate operations with and without the production back-
and measures the rate at which metadata transactions cground. Thex axis shows the number of nodes and pro-
be performed on a file system. It also measures aggrecesses used. It can be appreciated that the cluster activity
gate transaction rates when multiple processes read @educes the file system performance by about an order
write data concurrently. We used this applicatiorcte of magnitude. Considering that such operations have a
ate, stat, utime, a number of files from the same direc- very small payload (only metadata information), we may
tory in parallel. Directories were populated with differ- speculate that a large portion of the delay is caused not
ent amounts of files (from 256 to 32,768) and accesseby the bandwidth needed for the actual information, but
were done simultaneously from 4 to 64 nodes. As arby consistency-related traffic (even when each process
addition to the original code, we also measure the timayorks on a different set of files.) That assumption would
needed tmpen andclose a file. give our virtualization system enough margin to obtain a
Our testbed cluster was not exclusively dedicated tayood speed-up by reorganizing the file layout and reduce
benchmarking: unless explicitly noted, our measurethe synchronization needed among GPFS clients.
ments were done while the rest of the cluster was in pro- The performance drop when using 16 nodes (clearly
duction. This gave us the opportunity to see how thevisible for the create - Fig. 3) is due to the testbed
unrelated (though usual) workload affected the file sysnetwork topology: when using up to 8 nodes, blades
tem behavior. Even if we observed that the overall effectare located in “close” blade centers; for 16 nodes and
of the production workload is quite homogeneous alongabove, some blades are allocated in “far” locations, so
time, special care was taken to detect and avoid deviathat the available bandwidth is shared with more nodes
tions due to particular situations. The methodology em-and the effect of possible interferences from the produc-
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Figure 4:Effect of the number of entries in a directory on GPFS

tion workload is more noticeable. Still, there is a big gaprameters are closely related to specific datacenter con-
from the base-line of the dedicated executions that cafiguration, so that user-specified per-application tuning
be reduced by a more appropriate file layout. would be impractical. On the contrary, a virtualization
Another interesting observation is how th@t time  layer as the one provided by COFS may have a module
increases as the number of files in the directory dewith this kind of information and exploit it transparently.
creases. Being GPFS a black box, we can speculate Running themetarates benchmark on a single node
that this is related to distributed locking granularity: areveals another boundary value: Fig. 4 shows that
gtat response from the servers contains information abouGPFS has an extremely good behavior for single node
several entries to take advantage of bandwidth; but thetat/utime/open/close operations on directories below
less files we have the higher the probability of locking 1024 entries (comparable to local file system rates.) We
conflict between a larger number of nodes. Note thatan speculate that this is caused by the ability of GPFS
conflict-free access is not possible, because “the usertb delegate full control to clients under certain circum-
has decided to put all the files in the same directory angtances (e.g. single-node access and data present on local
that forces the file system to handle a shared commonache). Beyond that size, performance drops to network-
structure (the directory.) compatible rates (though having two processes seems to
The behavior of the system for 2048 files per directoryslightly compensate - only up to 2048 entries). Note that
deserves a special comment, as the performance vari¢ise pattern is completely different foreate: there is no
depending on the number of processes per node. Agecal information to exploit (as we are creating new en-
parently, GPFS is able to coalesce the requests insidetdes) and time per operation follows a steady linear in-
client and this coalescing crosses a boundary that makesease above 512 entries.
possible for GPFS to take advantage of the situation and These observations inspired the COF%rse data
improve the performance (reducing the inter-node condriver module described in section 4.2. Its goal is split-
flicts, and being able to handle intra-node sharing effiting large shared user directories into non-shared directo
ciently). Ideally, a user could use this knowledge andries small enough to enable delegation and local access,
tune an application to take advantage of it; however, paso that GPFS can improve its performance. Next subsec-



100+ —e— 4 nodes (gpfs) 100+ —e— 4 nodes (cofs)
’g i -a-- 8 nodes (gpfs) g -a-- 8 nodes (cofs)
= god 16 nodes (gpfs) <= go 16 nodes (cofs)
m m
= =
é 60 é 60
24 24
@] @]
8 8
8, 40+ §/,§\§\§ - 8 40
Q TTET 8- _§_ _ Q
£ N S -
= 204 = 204
) 50
> >
< <
0 T T T T T T T T | O1—F== T T ]
16 32 64 128 256 512 1024 2048 4096 8192 16 32 64 128 256 512 1024 2048 4096 8192
files per node files per node
(a) Create times (pure GPFS vs. COFS virtualization over&PF
604 60—|
’é —e— 4 nodes (gpfs) g —e— 4 nodes (cofs)
= - a--8 nodes (gpfs) = - a--8 nodes (cofs)
2 404 I 16 nodes (gpfs) z 2041 16 nodes (cofs)
= = 'y
n n N
— — N
b5) b5y ks \I
a, a, .
Q Q \
g 20- g 20- T
= = L3
) b -
3 3 1y
0 T T T T T T T T l 0 T T T T T ]
16 32 64 128 256 512 1024 2048 4096 8192 16 32 64 128 256 512 1024 2048 4096 8192
files per node files per node
(b) Stat times (pure GPFS vs. COFS virtualization over GPFS)
60— 60~
g —e— 4 nodes (gpfs) g —e— 4 nodes (cofs)
= - - 8 nodes (gpfs) = - - 8 nodes (cofs)
m m
S 404 . 16 nodes (gpfs) S 404 16 nodes (cofs)
E E
o] } - I\ =
- \ —
Q \ 5]
o \\ o _ ,%
g 7 i>4i\ g 207 \\\7
80 \\ OD \\ 3
> >
S = S N
0 T T T T T T T T l 0 T T T T T T T T l
16 32 64 128 256 512 1024 2048 4096 8192 16 32 64 128 256 512 1024 2048 4096 8192
files per node files per node

(c) Utime times (pure GPFS vs. COFS virtualization over GPFS

Figure 5:Operation time vs. files per node accessed in a shared directory (different scale for creation)

tion shows the results obtained using the COFS virtualand GPFS (merging results using 1 and 2 processors per
ization layer to transparently alter the file system layout.node) as we have observed that trends are determined by
nodes as a whole, and not individual processors (slight
differences exist: GPFS seems to be able to parallelize
some requests when using 2 processors and take cer-
Unless stated otherwise, COFS measurements in thigin advantage, while the FUSE component in COFS ap-
section have been done using Hparse data driver, lim-  parently serializes them - nevertheless, differences are
iting the low level directory size to 512 entries, and us-marginal compared with overall values.)

ing 1 random bit as randomization factor (that randomly Fig. 5(a) shows the benefits of breaking the relation-
distributes related entries into two separate directgries ship between the virtual name space offered by the COFS
We have also coalesced results per node in both COFBamework (exporting a single shared directory to appli-

6.3 Virtualization results
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cation level) and the actual layout of files in the underly- cofs sparse driver (2048 files per dir, no randomness)
ing GPFS file system. By redistributing the entries into —+— cofs sparse driver (512 files per dir, no randomness)
smaller low level directories, COFS allows GPFS to fully o e ver i e bt i 3 o i
exploit its parallel capacity by converting a shared paral- +-+++- cofs null driver

lel workload into multiple local sections that do not re- 60

quire global synchronization. o~

The scaling overhead of moving from 4 to 8 nodes &
in GPFS disappears when COFS is used. For 16 node§ 404
there is also a big improvement, due to the elimination of &

synchronization needs, but there is a performance barrierg TN

slightly below 20 ms. Some network measurements con- 2 ,, £ i\\

firmed that this was not related to COFS itself, but to the = "N

particular topology of our testbed (as already mentioned %‘) 2\/}—4\?

insecton6.2) | P T
Fig. 5(b) and 5(c) shows the average timedat and O G 1 356 b1z 1024 o4 a0ss

utime operations as a function of the number of files in files per node

a shared directory accessed by each node (figures for
()pen/dose Operations are not shown as they C|ose|y re-FigUI'e 6:Stat times for several COFS Configurations
semble thestat figures for both GPFS and COFS.) (8 nodes)

Overall, we can see that all the figures follow a simi-
lar pattern: there is a first phase of large operation times
when only a few files per node are accessed, that corRNly able to slightly reduce the high access cost for small
verges when the number of files per node increases. It ighared directories (but it does not incur in any additional
worth noting that the stable times fetat andutime are ~ overhead.) Even then, results for 16 nodes show a bet-
considerably lower thaoreate times; this is mainly due t€r behavior than pure GPFS (less variability and faster
to an effective use of caches for larger number of filesconvergence to reduced operation times.) That makes us
(which cannot be exploited fareate operations.) expect that the benefits of COFS will be more not.iceable

Times for utime operations are slightly higher than for & larger number of nodes (as we will show in sec-
times forstat operations. One of the main reasons fortion 6.4.)
these are i-node cache invalidations caused by the modi- In order to thoroughly understand the causes of COFS
fication of data. On this respect, we must mention that webenefits, we conducted some additional experiments.
have observed noticeable false-sharing effects inside theig. 6 shows the results for 8 nodes: we compared pure
i-node structure: some fields are rarely modified (typeGPFS behavior with the results of COFS using differ-
and permissions) but frequently used, and they are afent sets of parameters for thgarse data driver (increas-
fected by modifications to more volatile fields (such asing the number of entries per directory in the underlying
access times) which are not so often needed. Despite dife system from 512 to 2048, and modifying the layout
this fact, i-nodes are usually handled and cached atonfandomness factor); we also executed the tests using the
icly (including the current version of COFS - neverthe- COFSnull data driver (which diverts all operations to
less, we plan to evaluate the effects of field-level cachind dev/ nul |') in order to distinguish pure COFS behav-
in next versions of COFS.) ior from that related to the underlying file system.

The COFS layer remarkably reduces tdtat time The cost of accessing few files is mostly due to GPFS
when a directory grows beyond 512 entries per nodd€as the overhead does not appear with thil data
(from approx. 7ms. to 1ms. for 8 nodes; and fromdriver.) And this cost is partially related to synchroniza-
5ms. to 1ms. for 4 nodes). The variability caused by netdion: increasing the “random bits” in thgparse layout
work noise is also eliminated, and Fig. 5(b) shows thateffectively distributes the files into a wider number of
COFS operation times for 4 and 8 nodes are nearly idenanderlying directories, and we can observe that this helps
tical. Even for 16 nodes, where the network bandwidth isto mitigate the problem (by reducing the chances of si-
reduced, the speed-up for large directories is noticeablgultaneous colliding accesses from different nodes - as a
(from approx. 27ms. to 6 ms. per operation.) matter of fact, we are reducing the level of false sharing

The utime time is also improved with COFS (from inside the back-end directories.)
about 5ms. to 1-3ms. for 4 and 8 nodes.) Again, the The effect of layout randomization is complemented
effect is clearer for 16 nodes (from approx. 18ms. toby the limitation of the directory size. When the maxi-
11ms, as seen in Fig. 5(c).) mum number of entries is increased up to 2048 entries,

Below 128 operations per node, the COFS setup igshe synchronization overhead is also increased, resulting
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ble up to 10,000,000 entries (where we started hitting
— pfs physical memory limits - the metadata server uses a JS20
cofs blade with 4GB RAM). Further scalability should not be
a problem, as mechanisms to deal with creations in larger
tables in Mnesia are discussed in Erlang-related litera-
ture [1], and node physical limits can be bypassed by
using Mnesia distribution mechanisms [18]. Also, sev-
eral works on file system metadata focus on partitioning
techniques to distribute metadata and name space infor-
mation [11, 19, 27] to multiple nodes.
croate St dtime open Regarding the number of nodes in the cluster, we had
operations the opportunity to deploy our prototype onto a dedicated
cluster with an architecture very similar to our original
Figure 7: Operation times for 256 operations per  testbed (for both blade centers and file system servers.)
node on 64 nodes By running themetarates benchmark on this testbed we
were able to confirm that the benefits of virtualization are
. o ) not only maintained but increased in larger scales. Fig. 7
in larger operation times (to better understand this effectghgws the comparison of metadata operation times on 64
it is worth noting that the benchm_ark creates all the f_"esnodes, accessing 256 files per node on a shared directory
to be “stated” from a single node in such a way that files regy|ts with other directory sizes are omitted due to lack
to be accessed by node 1 are created first, then thogg space, but they show similar trends).
for node 2, and so on; beyond the directory size Iim.it, As we may observe, the base-line given by pure GPFS
the COFS data driver manages to put each node’s fileghqyys considerably high operation times for 64 nodes,
into different directories, effectively converting shdre hecause the inter-node conflicts when accessing a shared
accesses into non-shared accesses). This way, acC&§ifectory increase with the number of nodes and they are
time approaches theull driver results. On the contrary, he main component of the operation cost. On the con-
pure GPFS is unable to reduce the operation time. trary, COFS is able to mitigate such conflicts, allowing
In summary, our measurements show that using thespgs to obtain remarkable speed-ups. We expect to ob-

virtualization of the name space provided by the COFSgerye the same trend for a larger number of nodes.
framework can drastically boost our underlying GPFS

file system for file creations on shared parallel environ- ]

ments (with speed-up factors from 2 to 10, as shown in/ Conclusions and future work

Fig. 5(a)). For the rest of metadata operations, perfor- _ o )

mance is also boosted (though the speed-ups are molM¥e propose the use of virtualization techniques to both

moderated), and the overhead and variability for parallefake advantage of the different file system optimizations,
access to small-sized directories is reduced. while eliminating the burden from the high level appli-
cations. Name space virtualization is a key element, as

it allows decoupling the high level file organization from

6.4 Scalability the underlying file system configuration details.
The proof-of-concept prototype we implemented

One of our concerns was to check that our proof-of-cOFS) shows that this is a feasible approach, as the the-
concept prototype was able to deal with much larger engyetical cost of the virtualization layer is largely compen
vironments than our testbed. So, we conducted some aduted by its benefits. Specifically, we have used the pro-
ditional experiments to probe possible scalability limits totype to boost a single GPFS file system, significantly
in two different aspects: number of files in the file systemjmproving the metadata performance for shared parallel
and number of nodes in the distributed environment.  \yorkloads.

In order to check how many entries was able to han- |n the near future we will focus on tuning the prototype
dle a single COFS metadata server, we artificially popusing autonomic techniques when possible), extending
ulated the metadata database with a large directory treg to support the additional functionalities described in
(with a proportion of 10% directories and 90% files), and section 3.3 and exploring the different ways to increase
then re-run the experiments on it. Results show no sigscalability.
nificant degradation on create operations up to 8,000,000
entries (which is one order of magnitude larger than th
actual file system in our testbed.) With respect to otheG;ReferenCes
metadata operationstét, utime, open), results were sta-  [1] Erlang/OTP. Web site: http://www.erlang.org.
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