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Abstract

The current and coming generations of large distributed
file systems stripe data across large numbers of object-
based storage devices (OSDs). Subsequently, individual
OSD workloads tend to exhibit no inter-object locality of
reference. Small object sizes reduce OSD efficiency due to
disk seek overheads. EBOFS, an extent and B+tree based
object file system, allows arbitrarily sized objects and pre-
serves intra-object locality of reference by allocating data
contiguously on disk, and maintains high levels of conti-
guity even over the entire lifetime of a disk’s file system,
allowing OSDs to operate more efficiently and distributed
file systems to maximize performance.

1. Introduction

A compelling architecture for large distributed storage
systems involves the use of semi-intelligent object-based
storage devices (OSDs) and the separation of metadata
(namespace and hierarchy) operations from file read and
write activity. OSDs are an attractive design choice because
they hide the gory details of block allocation and on-disk
consistency, exposing a simple interface based on object
identifiers and simplifying file system design.

A consequence of this design choice is that the OSD
model prevents the careful placement of file data based on
directory or temporal locality, tried and true strategies used
by general purpose file systems. Instead, files are striped
across a large number of OSD devices, providing mas-
sively parallel and scalable access to data. The workload
for an individual OSD will thus see very little or no local-
ity of reference between different read and write requests;
the only form of locality that will remain in the workload
is intra-object locality, typically in the form of sequential
access to object data. Many distributed file systems stripe
file data across a large number of storage servers in order to
increase parallel throughput and distribute load using fixed-
sized blocks [3, 12,9, 11, 1, 6]. Consequently the workload
observed on individual storage devices appears random and

typically involves a seek for each data access, resulting in
relatively poor efficiency.

EBOFS seeks to improve performance by storing arbi-
trarily sized objects and taking steps to keep their contents
written contiguously on disk. A prototype implemented
in the Linux 2.6 kernel shows sequential read and write
throughput similar to existing general purpose file systems,
and fragmentation behavior superior to block-based file
systems like ext2. An allocation simulator modeling long-
term file system fragmention over the projected life span
of a file system (on the order of 5 years and a few billion
write or delete operations) indicates that long-term frag-
mentation levels are effectively bounded and that allocator
effectiveness remains consistent, suggesting that EBOFS
can provide superior OSD and greater overall system effi-
ciency and throughput.

2. Background

The Storage Systems Research Center at UC Santa Cruz
is currently researching a petabyte-scale (10> byte) stor-
age system designed to handle both general-purpose and
scientific computing workloads by exporting a POSIX-
compliant interface. This architecture will consist of tens of
metadata servers (MDSs), thousands of object-based stor-
age devices (OSDs), and potentially hundreds of thousands
of clients. Intelligent OSDs (which will most likely consist
of a hard disk, a commodity CPU, and a network inter-
face) simplify file system design by handling block-level
allocation internally and presenting a simple object-based
interface—file data will be striped across many such ob-
jects on many OSDs. This architecture is shared by other
distributed file systems like Lustre [2]. Applications of
such a system currently include scientific computing en-
vironments, the Internet Archive, and large data centers,
whose storage demands may well be typical of distributed
file systems in a few years time.



2.1. System Architecture

In such a system metadata operations are completely de-
coupled from read and write operations. A client wishing
to open a file will first contact the metadata server (MDS)
cluster to obtain a capability (permission) and information
allowing it to locate the objects containing file data in the
OSD cluster. Subsequent read and write traffic then in-
vovles only the client and relevant OSDs without further
MDS involvement. Such an arrangement allows maximum
scalability for system throughput, since the primary bottle-
neck limiting I/O transfer rates becomes the network, and
no single component within the system.

Each OSD manages it’s own on-disk data storage and
exposes a simple object-based interface. Unlike convential
block interfaces used by commodity drives in a SAN, ob-
jects can be variably sized and allocation details are hidden,
simplifying file system design. The T10 working group
(part of the ANSI standards organization) is developing a
standard interface for use with OSDs, with significant sup-
port from a hard disk industry looking to add value to their
storage product lines.

2.2. OSD Workload

In an OSD based distributed file system, data for indi-
vidual files will be striped and replicated across a large
number of OSDs in order to achieve higher aggregate
throughput (through the use of parallel prefetching) and re-
liability. As such, the objects stored on an individual OSD
will exhibit little or no locality of reference; the workload
will consist of small pieces of files originating from a large
number of hosts. Many large storage systems stripe data
across a large number of storage servers ina similar man-
ner, including Swift [3], GPFS [12], Petal [9], RAMA [11],
Slice [1], and Zebra [6].

In any such system each unit of allocation must be iden-
tified by some sort of identifier (object ID’s in our sys-
tem, block number in past systems). For large files, the
list of identifiers for objects storing the content becomes
large and cumbersome to deal with. The process of dis-
tributing objects across a large cluster of OSDs to balance
disk utilization and properly distribute object replicas also
becomes difficult. To solve these issues, our system will
utilize a deterministic algorithm that generates a sequence
of OSDs with the desired properties based on a single in-
put value [8], reducing the problem of storing an object list
(analogous to a block map in traditional file systems) to
that of storing a single input value. Object IDs can then be
based on any value unique to the file (derived from the in-
ode number, for example). Some number of files will share
the same distribution in order to simplify replication and
recovery operations [15].

The size of objects stored on an individual OSD will
depend on the strategy for striping files across OSDs and
the overall workload of the system. File system workload
studies have indicated that while most files are small, most
data is contained by large files, so the OSD workload will
be dominated by larger objects, whose actual size may de-
pend on the stripe unit.

3. Related Work

An object-based storage model with independent meta-
data management was originally used by Swift [3] and later
by NASD [5]. Lustre is an open source file system largely
based on NASD’s design that is currently under develop-
ment [2]. Because hardware OSDs are not yet available,
current systems use existing general purpose file systems
on standard hosts for object storage (Lustre uses ext3 and
Linux).

Ext2 and ext3 are general purpose file systems that are
somewhat typical in their resemblence to FFS, the Berkeley
Fast File System derived from the original Unix file system
out of Bell Labs. They allocate disk in blocks and main-
tain a block list in each inode, utilizing indirect, double-
indirect, and triple-indirect blocks as necessary for large
files. This approach is generally sufficient for general pur-
pose file systems, but does not scale well to extremely large
files or volumes, where huge lists of blocks become cum-
bersome and inefficint to manage. More recent file systems
like XFS [13] and ReiserFS utilize extents (a block start
address and length pair) in place of block lists to more suc-
cintly describe contiguous allocations on disk. XFS and
Reiser also use Btrees to manage block allocation informa-
tion in place of simple bitmaps because they are more effi-
cient to manipulate and scale well in both time and space.

Although their prevalence and wide support make the
use of general file systems for object storage convenient,
we believe a special purpose file system will result in bet-
ter performance. Unlike traditional file systems, and ob-
ject storage system has no use for a hiearchical directory
structure, requiring only a single flat and homogenous ob-
ject namespace (which legacy file systems are typically not
optimized for). Furthermore, OSD workloads will exhibit
little or no locality of reference between objects, making
most file systems’ attempts at clustering useless.

Feng has built an object file system called OBFS that
is designed specifically to handle the kind of workload an
OSD is likely to encounter in a large distributed file sys-
tem [14]. OBFS expects that most objects will be equal to
the stripe unit size (on the order of IMB) and optimizes al-
location for such objects to avoid file system fragmentation,
reduce seek overhead, and minimize recovery times after a
failure. Since most data stored lives in large files, file con-
tent will be striped across a large number of such objects,



distributed evenly across many OSDs. Such a distribution
allows for extremely high throughput by exploiting the par-
allelism in the OSD cluster and network. An analogous ap-
proach is taken by GPFS, which uses large blocks (256 KB
by default) distributed across many disks in a SAN to mini-
mize seek overhead and maximize parallel throughput [12].

From the perspective of an individual OSD, most I/O
traffic will be in the form of 1 MB chunks, and will appear
completely random. This is because each OSD is handling
storage for a random portion of files from random portions
of the original file hierarchy. The complete lack of local-
ity between objects means that OBFS can optimize perfor-
mance based on physical disk parameters (current head po-
sition, rotational latency). However, on average, reads are
random, and will involve a seek for every request.

4. Design

EBOFS is motivated by the hypothesis that eliminating
all locality from OSD workload results in non-ideal ag-
gregate throughput for individual disks and thus aggregate
OSD cluster throughput when the system is under load. In-
stead of limiting object sizes based on the stripe unit, one
might stripe a single file’s data across a smaller set of larger
objects (as with RAID), exposing the OSD to additional lo-
cality of reference within individual (large) objects.

By allowing arbitrarily sized objects, EBOFS can no
longer take advantage of a simplified workload and exposes
itself to greater potential fragmentation by it’s more com-
plicated allocation strategies, particularly as the object file
system ages over time.

To minimize the impact of this choice, and to maxi-
mize file system efficiency and scalability for large disks,
EBOFS utilizes extents as the underlying unit of allocation,
and balanced trees (B+trees) to manage object free lists and
the object lookup table.

4.1. Extents

Extents are an efficient and concise mechanism for rep-
resenting contiguous sequences of blocks on disk, replac-
ing traditional block lists (literally, lists) with shorter lists
of (start, length) tuples. In a system where contiguous
allocation is typical, extents are many orders of magni-
tude more efficient in the average case, and only slightly
worse (2x larger) in the pathological worst case of fully
non-contiguous allocation. Extents are also more efficient
for managing free space on a disk, which in most cases is
largely contiguous.

Allocations of larger extents result in lower overhead
due to disk seeks (arm positioning and rotational latency),
which are necessary for head posititioning before starting
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Figure 1. Seek overhead vs extent size, as-
suming average seek time of 7 ms and a disk
transfer rate of 30 or 50 MB/second. Effi-
ciency for 256 KB blocks (GPFS default) and
OBFS large blocks (1 MB) are shown for ref-
erence.

to read or write but have a negligible effect once sequen-
tial access begins. Since OSDs see little or no locality of
reference between objects, on average disk seeks for reads
(writes may concievably be written anywhere) result in a
penalty (on the order of 7 ms for modern hard disks) before
an extent’s data may be transfered at the disks full band-
width (currently on the order of 30 to 50 MB/second). Fig-
ure 1 shows the average seek overhead for various extent
(allocation unit) sizes, assuming the disk is able to read
the entire allocation unit without interruption (by other re-
quests, etc.). Although disk drive areal densities are ex-
pected to continue to increase, average seek times fall much
more slowly, which means that the overall efficiency for
any given allocation unit size is expected to drop.

4.2. B+trees

B+trees are used extensively in EBOFS to manage the
free extent lists and the object lookup table, which trans-
lates object ids to locations on disk. B+trees consist of leaf
nodes, which contain sorted (key, value) pairs, and index
nodes, which map keys indexing child nodes to child node
pointers. B+tree insertion and deletion rules ensure that
they remain balanced (hence the B), providing fast (log n)
lookup, insertion and deletion times.

Individual trees are identified simply by the address of
the root node. Space for btree nodes in EBOFS is reserved
on disk in “chunks” to enforce some locality, since (un-
like objects) tree nodes are accessed/traversed in some se-
quence. An initial chunk is allocated when the file system
is created based on an estimate of how many nodes might
be necessary. If the number of free nodes gets low in a



mature file system, additional chunks can be allocated and
added to the pool of available nodes. For simplicity, B+tree
nodes currently occupy a single logical disk block (4 KB)
and hold around 500 (key, value) pairs each.

B+trees are an attractive choice for managing index and
list structures because they maintain records in sorted order
and scale efficiently in both time and space. The prototype
B+tree implementation used for EBOFS maps 32-bit keys
to 32-bit values, which is ideal for managing extents, whose
(start, length) tuple maps directly onto a (key, value) pair.

4.3. Onodes

An onode (analogous to an inode in general purpose
file systems) contains object metadata, which include size,
a/m/ctime, permissions, and the location of data. For large
objects, OBFS took the straightforward approach of using
the onode number to describe the actual location of the on-
ode on disk, and then locating it contiguous with large ob-
jects’ data, not unlike embedded inodes [4]. This allowed
a read to proceed with just an object lookup (implemented
in OBFS as an in-memory hash), a single seek, and then a
sequential read. EBOFS extends this approach to include
objects of all sizes. An object lookup B+tree maps object
numbers to onode identifiers, which are simply block num-
bers where onodes are located on disk.

In EBOFS, onode allocation metadata consist of a list
of extents containing the file data. Ordinarily, the first ex-
tent immediately follows the block containing the onode,
although this is not required (it might not be possible for
new objects in a pathologically fragmented or nearly full
file system, for instance). This results in a storage over-
head of one block for every object (in addition to the aver-
age one half block wasted by the tail of the file) to store the
onode. For very small objects, this strategy might be aug-
mented to colocate object data within the same block. For
the prototype, however, the coding effort to make this work
was not deemed worthwhile, nor is the performance impact
expected to be significant, when most data is consumed by
large objects (whose overhead is relatively small).

The current implementation limits the number of extents
to what will fit in the onode block. A robust implementa-
tion should probably use some sort of indirection (one or
more extents describing blocks filled with extents), or more
simply a variable length onode.

4.4. Allocation Strategy

EBOFS attempts to allocate objects on disk in large,
contiguous and (ideally) singular extents. For small ob-
jects, this requires only small extents of free disk space,
and is relatively easy. For large objects, large extents are a
scarcer commodity, resulting in the fragmentation of large

objects across multiple smaller extents. In such cases, these
extents should ideally be close together to minimize seek
overhead during sequential reads.

In order to accomodate both types of allocation de-
mands, EBOFS employs a “closest good fit” strategy,
whereby the allocator tries to find a free extent approxi-
mately the size of that required (or possibly a bit larger) that
is closest to the starting point. For subsequent extents be-
yond the first one allocated to an object, that starting point
is the end of the last extent. For new objects, the starting
point may be the current disk head position, or not be used
at all.

To accomplish this, EBOFS groups free extents into a
series of buckets based on their approximate size. Within
each bucket, extents are sorted, allowing an extent near a
particular position on disk to be found in O(log n) time. To
find an extent of size s, EBOFS will search in the small-
est bucket that might contain available extents. If none are
found, the larger buckets are searched as well. When an ex-
tent is found, the portion of it closest to the desired starting
point (either the head, the tail, or some middle portion) is
removed from the free list and the remaining portions are
reinserted in the appropriate buckets.

How tightly extents in the free list should be grouped
into buckets is a critical design question. Grouping them
more tightly will result in small “holes” in the allocated
disk being filled by small objects, leaving larger extents
free for large files and minimizing fragmentation. On the
other hand, grouping extents too closely prevents EBOFS
from finding extents that are nearby other file fragments, re-
sulting in poor sequential read or write performance when
objects inevitably do become fragmented. The effect of the
bucket distribution is evaluated in 6.3.4.

5. Prototype

An in-kernel prototype of EBOFS has been imple-
mented in the Linux 2.6 kernel, utilizing the VFS file sys-
tem layer. The VFS provides an integrated page, inode and
dentry cache, allowing me to implement a fully functional
prototype in less than 2000 lines of code. In fact, it is worth
noting that the code path for most file I/O is nearly identical
for ext2, ReiserFS, OBFS, and EBOFS, as they all utilize
functionality provided by VFS, differing primarily in the
details related to mapping 4 KB file pages to (4 KB logical)
disk blocks.

In an actual OSD device, providing a VES interface (and
thus exposing a POSIX file system interface to user space)
may not actually be useful, as all I/O will be conducted via
a network interface and can be more efficiently handled in-
kernel without a context switch and data copying between
kernel and user space. For the purposes of evaluating a
prototype, however, a VFS-based implementation allows



us to compare EBOFS to traditional file systems and fairly
evaluate their relative performance characteristics.

Although the current EBOFS prototype is quite stable,
there are a number of items that should be augmented in a
robust implementation. These include on-disk consistency
and recovery, additional B+tree library generalization, and
the maintenence of additional object indices.

5.1. Consistency and Recovery

The current implementation makes no particular attempt
to preserve data integrity in the case of a power or system
failure. Although B+tree consistency is preserved by us-
ing copy-on-write techniques when updating and flushing
B+tree nodes, there is currently no integration of that con-
sistency strategy with the allocation code to keep object
data consistent. There are three general approaches that
can be employed to maintain file system consistency across
power failures, with varying guarantees.

The first option is to employ “soft update” tech-
niques [10] to ensure that the on-disk image is internally
consistent (or trivially correctable) at all times. This is
accomplished by maintaining dependency information be-
tween object and metadata updates and controlling the or-
der in which they are written to disk. Such an approach
has the advantage of being relatively straightforward to im-
plement in a flat namespace file system with a single set
of directory and allocation structures, and has minimal im-
pact on overall file system performance (it’s largest impact
being a possible re-ordering of writes). Soft updates (cur-
rently used by EBOFS for B+tree updates) do not ensure,
however, that the consistent on-disk image contains all up-
dates processed by the OSD before power failure, as some
updates will likely have existed in memory and not have
been flushed to disk yet. If some (recent) data loss is ac-
ceptable, however, soft updates do avoid any requirement
for time consuming file system consistency checks on re-
covery.

Such an approach can be augmented with the use of a
log, synchronously written to disk, to ensure that recent
file system changes are not lost. This approach is taken by
many general-purpose file systems, including ext3, XFS,
and ReiserFS. On-disk logs have significant performance
disadvantages, however, as they require synchronous writes
to a specific location of disk and degrade the performance
of the disk scheduler. An alternative is to use a small
amount of persistent, non-volatile RAM for the log, as is
done by WAFL [7]. This eliminates the need for any syn-
chronous writes, and provides a soft update approach with
maximum flexibility when scheduling disk activity. The
low cost of NVRAM may make this an attractive possibil-
ity for OSD devices seeking to achieve maximum perfor-
mance.

An alternative strategy to avoid any data loss and main-
tain consistency is to simply use synchronous writes to en-
sure that all data reaches disk before writes are acknowl-
edged. Synchronous metadata updates in such a case are
performance killers as they require a seek to a known lo-
cation on disk. Alternatively, the possible locations of new
objects can be restricted to a subset of possible locations
in the free list that is sufficiently large to have little im-
pact on overall write performance but small enough to scan
quicly on recovery. One possibility is to allow the place-
ment of new onodes only in the first block of extents in the
free list. This restriction allows a recovery process to scan
only the first block of each free extent and be confident that
all newly written objects will be found and changes to the
object lookup table and free extent list reconstructed. The
expense of such a strategy is a less flexible allocation strat-
egy and synchronously updated onodes, which may require
an additional seek to update object size and mtime in the
onode after writing object data. This is the approach taken
by OBFS, whose region-based allocation strategy limits the
locations that must be scannedon recovery to a very reason-
able number.

5.2. Robust B+trees

The current B+tree library maps 32-bit keys to 32-bit
values. This is sufficient for managing extents on a rea-
sonably sized volume (the current maximum volume size
is 16 TB when using 4 KB blocks). However, it will not be
sufficient for maintaining an object lookup table to map ob-
ject ids to onode locations for a larger object id namespace,
which is expected to be on the order of 128 bits. It also
restricts the amount of information that can be indexed to
32-bit values, which is currently sufficient for locating in-
formation elsewhere on disk, but does not allow efficient
inline storage of other information within the B+tree struc-
ture.

A robust implementation should allow variable key and
value widths. This can be achieved with minimal effort by
specifying key and value sizes on a per-B+tree basis and
adjusting the number of records stored in a given tree node
(currently a single 4 KB disk block) appropriately.

5.3. Additional Indices

A robust OSD must also support object groups and other
metadata indices in order to comply with the emerging T10
working group spec. Although the generalized B+tree li-
brary should make the management of such indices rela-
tively straightforward, evaluating any implementation de-
tails is outside the scope of this paper.
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Figure 2. Sequential /0O Performance for
ext2/3, ReiserFS 3, XFS, and EBOFS. Per-
formance for ext2/3 and EBOFS is approxi-
mately equivalent due to shared use of VFS
page cache facilities. XFS makes extensive
page and buffer cache modifications, while
Reiser3 include modest changes to the write
path.

6. Evaluation

I have evaluated a number of aspects of EBOFS’s per-
formance with benchmarks comparing it to existing general
purpose file systems, and with a simulator to evaluate long
term behavior of the allocation strategy and fragmentation.
All benchmarks were performed on a 2.8 GHz Pentium 4
with 1 GB RAM running Linux 2.6.0 on a Maxtor 6Y250P0
250 GB ATA hard disk.

6.1. Buffer Cache Performance

The first benchmark is a measure of raw I/O perfor-
mance writing to and reading from a single large object
or file. The test was performed on an empty file system,
which means that no difficult allocation was necessary and
the write was fully contiguous. This has the effect of mea-
suring overall performance of the page cache and buffer
management code. The large size of the file (40 GB) in re-
lation to the total memory (1 GB) ensures that any caching
has minimal affect on total performance. The file systems
were also mounted synchronously (mount -o sync).

Figure 2 shows relative read and write performance for
ext2/3, ReiserFS 3, XFS, and EBOFS. The similar perfor-
mance for ext2/3 and EBOFS is attributed to the nearly
identical code path for both reads and writes, due to similar
usage of the VFS page cache and buffer layer. XFS makes
extensive modifications to the buffer and page caches to
achieve higher throughput. Reiser3 makes more modest

70000

1 'XFS o
; EBOFS ——
60000 F: Reiser3 .
i
|
. 50000 [
[&) t
@ |
£ |
£ 40000
5 by .
S 30000 [T / S
%’ N U AN RN A
E ,
= 20000
10000
0
0 500000 16+06 1.56+06 2e+06

Operations since filesystem creation

Figure 3. Aggregate read/write performance
over time, measured using a workload con-
sisting of 2 million operations (80% reads
and 20% writes/deletes). Performance of ext2
degrades significantly as its block-based al-
location strategy fails to avoid fragmenting
files.

changes to the write code path to make the process of map-
ping pages to disk blocks for efficient, although I am sur-
prised it made as much of a difference as it did. A cur-
sory review of the code did not reveal any other obvious
differences—Reiser3 still uses the VES page cache and reg-
ular buffer management code.

These results indicate that for efficient write perfor-
mance with large extents, changes to the Linux VFS
page cache and buffer management are necessary. These
changes and their effect on performance are considered to
be independent of file system allocation strategies.

6.2. Aged file systems

Although raw sequential I/O throughput is important, a
more critical aspect of overall file system performance is
the effectiveness of the allocation strategy in minimizing
disk seeks. This is especially important as a file system
ages and a less regular layout of surviving data results in
new files being written in multiple fragments on disk. In
some ways, maintaining an orderly disk layout is antithet-
ical to write efficiency, as it may require longer seeks or
even the rearranging of existing data for ideal placement.
Since the net impact of fragmentation is also a decrease in
performance, a good allocation policy must seek to balance
good immediate write performance with intelligent layout
decisions to minimize fragmentation over time.

Figure 3 shows the aggregate performance of EBOFS
and common general purpose file systems over time, as



measured on a 4 GB partition with a workload of approxi-
mately 80% reads/20% writes and a typical distribution of
file sizes (mostly small files, most data in large files). The
X axis shows time measured in disk operations (2 million
in total, representing between 12 to 24 hours of continu-
ous disk activity) and the Y axis shows average read and
write throughput (in MB/second). Ext2, which allocates
space on a block-by-block basis, showed the worst perfor-
mance degradation due to fragmentation over time. XFS,
EBOFS, and Reiser3 all showed reasonably consistent be-
havior. These three file systems all utilize extents and
B+trees to manage disk allocation, suggesting that policies
based on those data structures do a reasonably good job
of avoiding excessive fragmentation. The superior overall
throughput of XFS is attributed to it’s improved buffer and
page cache performance.

6.3. Allocation Policy

The mixed read/write benchmark suggests that extent
based allocation strategies can avoid long-term fragmen-
tation better than ext2’s block-based approach. Although a
benchmark of two million operations completes in under 24
hours, a busy system may experience similar disk satura-
tion at all times, but be expected to operate efficiently years
later. Benchmarking a fully loaded disk to evaluate perfor-
mance over its expected lifetime requires benchmarks that
last for the same period of time. In order to evaluate long-
term allocation behavior, I constructed a simulator that uti-
lizes (links) the EBOFS allocation code but performs all
allocation operations in memory. This allows analysis of
file system fragmentation over periods of time orders of
magnitude longer than real benchmarks.

6.3.1. Simulation Workload Modeling file system
workload as seen by an individual OSD in a large system is
a surprisingly complicated problem. The underlying diffi-
culty is that although it is relatively straightforward to gen-
erate a realistic workload that might originate from a partic-
ular file system user or collection of users, file system oper-
ations are rarely performed atomically at the disk. Depend-
ing on the overall system load level, disk speed, host cache
behavior, and disk interface characteristics, large read and
write operations will be submitted to the disk simultane-
ously in unpredictable increments. At any point in time,
there may be any number of streams of data being read or
written to different objects on potentially different parts of
the OSD’s disk. In a large distributed file system the aggre-
gate OSD workload thus becomes a function of the origi-
nal client workload (of many thousands of individual users)
and the file system’s strategy for striping and replicating
data across the cluster of OSDs.

Since it’s impossible to characterize the workload of a
system that doesn’t exist yet, the simulator instead approx-
imates a nearly worst case behavior pattern: all writes are
submitted to the device in small increments, proceed in par-
allel, and new write streams continue to arrive at regular
intervals. The result is that at any given point in time, it is
likely that one or more large writes are in progress to large
objects, while writes for small objects continue to arrive in
parallel.

The underlying workload being serviced by the OSD is
assumed to be typical: most writes are to small objects,
most data is written to large objects, and most files are
deleted either while they are young or never at all.

6.3.2. Long-term Performance Preliminary simula-
tion results indicate that the level of fragmentation, as mea-
sured by the number and sizes of extents allocated, tends to
level off after about 3 million write operations (on a 100 GB
disk filled to around 80% capacity) and remain relatively
constant thereafter. This was somewhat surprising given
that the drive only reaches 80% capacity after 2 million
operations; it takes very little time for the level of fragmen-
tation to reach an approximate steady state.

Simulations run for more than a billion operations show
that a variety of allocation parameters affect the level of
performance and fragmentation. In all cases, however, the
long-term behavior appears to be bounded. The simula-
tion results focus on a few key measures of fragmentation,
as they directly affect observed performance: the average
number of extents compromising an object, and the aver-
age extent size.

Figure 4 shows the average number of extents per object
over more than a billion write operations into the lifetime
of the file system. The X axis shows the number of write or
delete operations since file system creation, plotting using
alog scale. As a point of reference, a drive with 7 ms aver-
age seek time can perform about 4.5 billion seeks per year;
when you factor in the time spent actually writing data,
and that as much as 80% of a typical disk workload will
be reads, even a fully saturated disk will likely reach it’s
end of lifetime (3-5 years) before then. The figure shows
that higher space utilization results in greater fragmenta-
tion (more extents per object on average) but that that value
never exceeds even 1.1.

The average size of extents for the same file system over
the same period is between 700 and 800 KB. This value is
very close to the ideal maximum (the average object size);
it’s efficiency varies inversely with the number extents per
file in Figure 4. The average extent size is less than the
1 MB allocation increment for OBFS because most files in
the workload are still small; in OBFS the 1 MB blocks are
only used for large files. A more useful metric is the av-
erage extent size for objects that consume more than one
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Figure 4. Number of extents per object over
time. The time period shown approximates
the expected lifetime of a fully saturated disk.
Higher space utilization results in higher lev-
els of fragmentation.

extent, as single extent objects are by definition ideally al-
located (and average between 300 KB and 400 KB in the
simulated workload). Figure 5 shows the average size of
extents for multi-extent objectss over the same period as
Figure 4. Although the average extent size decreases while
the file system is in it’s infancy, extent sizes level off af-
ter about 100 million operations and remain steady there-
after. (Remember, the X axis is plotted on a log scale; 100
million operations is about 1% of the interval shown.) Ex-
tent sizes at this point remain significantly larger than the
fixed-size allocation blocks used in existing distributed file
systems like OBFS and GPFS (whose maximum allocation
units are 1 MB).

Although an asymptotic lower or upper bound for these
values is not immediately apparent, the fragmentation over
the lifetime of any individual OSD file system is effectively
bounded by the lifetime of the disk itself. That is estimated
to be on the order of a billion write operations; however,
even 50 times that lifetime is only equivalent to extrapolat-
ing the figures about an inch to the right.

These results indicate that the average extent size ob-
served after only a hundred million write operations (not
that long after the disk is initially filled) does not de-
crease significantly with the allocation strategy employed
by EBOFS. In order to verify that the distribution of extent
sizes is similarly consistent over that period, Figure 6 plots
a logarithmic extent size distribution over time. Each line
represents a the number of extents of the specified magni-
tude (in 4 KB blocks). The number of extents of all sizes
levels off after a few million operations and that distribution
does not change significant over time, with the exception of
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Figure 6. Extent size distribution over time.
The character of the extent distribution re-
mains relatively consistent as the extent
count for all sizes approaches an upper
bound.

particularly large extents (between 1024 and 4096 blocks,
or 16 and 64 MB), whose data slowly migrates to slightly
smaller extents (256 to 1024 blocks, or 4 to 16 MB) as the
file system ages. With that exception, the character of frag-
mentation and distribution of remains consistent over long
periods of time.

6.3.3. Preallocation Although the fragmentation of an
EBOFS file system is effectively bounded over the disk
lifetime for a variety of algorithm parameters we tested,
those values have a significant impact on the observed per-



formance. These parameters include the aggressiveness of
the preallocation code and the size of the buckets that form
the free extent list.

The allocation simulator assumes a nearly worst case
parallel workload in which write operations are submitted
to the drive in parallel. The overall performance of the allo-
cator is dependent on the aggressiveness with which space
for objects is preallocated. If data were allocated strictly on
a need basis, the fragmentation would be heavily affected
by the workload as extent sizes would match the writes sub-
mitted to the disk.

To avoid this situation, EBOFS allocates extents for ob-
jects based on a minimum (required) and maximum extent
size. Assuming the end of the object has not been reached,
and additional storage is needed, the allocator will select
the closest extent it can find that satisfies the maximum
size. If such an extent cannot be found, it will allocate
multiple smaller extents until the minimum requirement is
met. If an extent is found that is larger than the maximum
extent size, it will only allocate a portion of it that does not
exceed the maximum size.

Generally speaking, the larger the minimum and max-
imum extent sizes, the larger the extents allocated in the
file system. The trade-off is a potential write performance
penalty in a parallel workload, where the amount of incom-
ing data may flood the disk cache and require longer seeks
to serve data streams in distant areas of disk.

Figure 7 shows the average number of extents per ob-
ject for a range of different minimum and maximum preal-
location values. Figure 8 shows the average extent size of
multi-extent objects over the same range. In both cases, the
minimum extent size is 1024 blocks (4 MB). As the maxi-
mum preallocation size increases, extent sizes increase, but
the figures illustrate diminishing returns: in Figure 8 the
extent sizes are similarly sized once the maximum preallo-
cation unit reaches 32 MB. This is likely because as extents
get larger, they effect a smaller number of objects.

On the other hand, aggressively allocating large extents
results in a slight increase in the average seek distance be-
tween extents comprising large objects, as seen in Figure 9.
Because large extents are typically a more scarce resource
than small extents, aggressive preallocation will find fewer,
larger and more distant extents. How this will translate
into actual performance may depends on the nature of the
workload and how much sequential I/O an OSD can ulti-
mately perform before being interrupted with another task,
although the relatively small difference between the preal-
location settings tested suggests that the effect is not that
significant. As overall disk capacity increases, the pool of
available extents will expand and have minimal effect on
the allocator.

The choice for these values in an actual OSD imple-
mentation will likely depend on the desired performance
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Figure 7. Average extents per object for var-
ious preallocation settings. Preallocating
larger extents results in lower fragmentation,
with diminishing returns.
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Figure 8. Average extent size of multi-extent
objects for various preallocation settings.
Preallocating larger extents results in larger
extent sizes, with diminished returns beyond
8192 4 KB blocks (32 MB).

parameters of the drive. The values might also be var-
ied dynamically based on the current disk workload. An
OSD servicing multiple write streams but no reads might
lower the allocation values at the expense of fragmentation
in order to inrease throughput. Alternatively, an OSD ser-
vicing multiple write streams and a varied read workload
should probably increase the preallocation values to lower
net fragmentation because the reads are already forcing a
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Figure 9. Average seek distance between ex-
tents in multi-extent objects for various preal-
location settings. Aggressive preallocation
results in slightly longer seek times between
fewer, larger extents.

disk seek before each write, thereby masking the usual seek
penalty for preallocating large extents for multiple writers.

6.3.4. Bucket Size The distribution of free extents
across the buckets making up the free list also affect the
performance of the allocator. Each bucket has a maximum
extent size some multiple (the “bucket size factor”) of the
previous bucket’s. Such an arrangement allows the alloca-
tor to quickly find a list of extents that are approximately
the right order of magnitude in size. Bucket size factors
tested range from 2 to 8. A small factor means that the list
consulted by the allocator will contain extents very close to
the size needed, conserving larger extents by writing small
objects in “nooks and crannies”. Conversely, expanding
the number of eligible free extents to include a larger range
of sizes makes it easier to keep extents comprising a large
object near each other.

Figures 10 and 11 indicate that the average extent size
and number of extents per object do not change signif-
icantly when the bucket size factor is changed. This is
due to the competing goals of finding a good fit and agres-
sively preallocating extents for large objects, both of which
reduce overall fragmentation. Average seek distances be-
tween extents in multi-extent objects are also similar, as
seen in Figure 12, although small bucket factors seem to
result in marginally shorter seek distances (I do not have a
good explanation for this).

The more compelling factor affecting the choise of
bucket factor is the computational advantage of keeping the
B+trees storing free extents small. Smaller bucket factors
mean that buckets contain extents closer to the desired size,
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minimizing the amount of tree traversal that is necessary to
find a suitable extent for allocation.

7. Future Work

One problem with analyzing average extent size and ob-
ject fragmentation is that actual performance is related to
the distribution of extents over different object sizes and
their relative prevalence in the OSD workload. Because
most files are small and most accesses are to small files,
it is probably more important that those objects remain
in a single extent. Because they are much easier to allo-
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Figure 12. Average seek length between ex-
tents in individual objects for different bucket
factors. A small bucket factor results in
marginally better intra-object locality.

cate contiguously than large objects this is already likely
to be the case, but further analysis is necessary to demon-
strate that OSD performance follows fragmentation behav-
ior over long periods of time.

The character of file system fragmentation is also highly
dependent on other aspects of the OSD workload. Al-
though the simulator tries to generate a nearly worst case,
it’s behavior is still relatively regular and may not properly
reflect the random nature of an OSD in a large distributed
environment. Read performance is similarly linked to the
character of the workload, and allocation decisions might
best depend on the current mixture of read and write re-
quests being serviced by the OSD. A thorough analysis
thus requires testing EBOFS and other file systems with an
OSD workload based both on a representative client work-
load and the metadata and object distribution strategy. The
effect of allocation parameters like the bucket factor and
preallocation on net read and write performance should be
evaluated in this context.

Finally, it is still necessary to evaluate the potential ad-
vantages of the increased contiguity of objects stored in
EBOFS. Existing object storage file systems like OBFS uti-
lize fixed-sizes extents to avoid fragmentation under the as-
sumption that any additional performance can be achieved
through greater parallelism. If EBOFS can achieve greater
contiguity with minimal proability of degenerate seek per-
formance for small or medium-size objects it is likely to
perform better. However, in order to take advantage of
larger objects the object data distribution in the storage sys-
tem must be changed to stripe file data across a small set of
large objects, instead of over a large set of small objects.
This has the effect of limiting the maximum bandwidth
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available for a single reader to the sum of a smaller num-
ber of OSD devices (restricting parallelism), but increas-
ing the locality within a given OSD’s workload and poten-
tially increasing it’s efficiency. Depending on the demands
of the overall system, this may or may not be appropriate.
Striping data across a small number of devices also presents
problems for certain kinds of scientific applications whose
file access may be staggered regularly in a file, causing it
to repeatedly access the same OSD. One possible solution
might be to permute the device ordering within each data
stripe.

8. Conclusions

Benchmarks indicate that EBOFS’s performance is on
par with other VFS-based Linux file systems, with the ex-
ception of XFS and Reiser3, which rewrite portions of the
VES page and buffer caches. A production OSD device
should clearly be mindful of raw I/O performance and keep
caching operations and code paths efficient.

The EBOFS allocation simulator indicates that fragmen-
tation is limited over the expected lifetime of the file sys-
tem, increasingly at an extremely slow rate. This long-term
fragmentation does not have a substantially adverse effect
on EBOFS’s ability to allocate large extents for large files.
Such contiguity in object data makes makes it possible for
an OSD to take advantage of sequential access, the only
kind of locality likely to exist in an OSD workload. Future
work is required to determine the extent to which that con-
tiguity will effect OSD and aggregate system throughput in
the context of a large distributed file system.
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