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Abstract

Small file performance in most file systems is limited by
dowly improving disk access times, even though cur-
rent file systems improve on-disk locality by allocat-
ing related data objects in the same general region.
The key insight for why current file systems perform
poorly is that locality is insufficient — exploiting disk
bandwidth for small data objects requires that they be
placed adjacently. We describe C-FFS (Co-locating
Fast File System), which introduces two techniques,
embedded inodes and explicit grouping, for exploit-
ing what disks do well (bulk data movement) to avoid
what they do poorly (reposition to new locations). With
embedded inodes, the inodes for most files are stored
in the directory with the corresponding name, remov-
ing aphysical level of indirectionwithout sacrificing the
logical level of indirection. With explicit grouping, the
data blocks of multiple small files named by a given di-
rectory are allocated adjacently and moved to and from
the disk as a unit in most cases. Measurements of our
C-FFSimplementation show that embedded inodes and
explicit grouping have the potential to increase small
file throughput (for both reads and writes) by a factor
of 5-7 compared to the same file system without these
techniques. The improvement comes directly from re-
ducing the number of disk accesses required by an order
of magnitude. Preliminary experience with software-
devel opment applications shows performance improve-
ments ranging from 10-300 percent.

1 Introduction

It is frequently reported that disk access times have not
kept pace with performance improvements in other sys-
tem components. However, while the time required to
fetch the first byte of datais high (i.e., measured in mil-

liseconds), the subsequent data bandwidth is reasonable
(> 10MB/second). Unfortunately, although file systems
have been very successful at exploiting this bandwidth
for large files [ Peacock88, McVoy91, Sweeney96], they
have failed to do so for small file activity (and the cor-
responding metadata activity). Because most files are
small (e.g., we observe that 79% of all files on our file
servers are less than 8 KB in size) and most files ac-
cessed are small (e.g., [Baker9l] reports that 80% of
file accesses are to files of less than 10KB), file system
performance is often limited by disk access timesrather
than disk bandwidth.

One approach often used in file systems like the fast
file system (FFS) [McKusick84] isto place related data
objects (e.g., an inode and the data blocks it points to)
near each other ondisk (e.g., inthe same cylinder group)
in order to reduce disk access times. This approach can
successfully reduce the seek timetojust afraction of that
for arandom access pattern. Unfortunately, it has some
fundamental limitations. Firgt, it affects only the seek
time component of the access time!, which generally
comprises only about half of the access time even for
random access patterns. Rotationa latency, command
processing, and data movement, which are not reduced
by simply placing related data blocks in the same gen-
eral area, comprise the other half. Second, seek times
do not drop linearly with seek distance for small dis-
tances. Seeking a single cylinder (or just switching
between tracks) generaly costs a full millisecond, and
this cost rises quickly for slightly longer seek distances
[Worthington95]. Third, it is successful only when no
other activity moves the disk arm between related re-
quests. As a result, this approach is generally limited
to providing less than a factor of two improvement in
performance (and often much less).

Another approach, the log-structured file system

1We use the terms access time and service time interchangeably to
refer to the time from when the device driver initiates a read or write
request to when the request completion interrupt occurs.



(LFS), exploits disk bandwidth for all file system data,
including large files, small files, and metadata. The
idea is to delay, remap and cluster all modified blocks,
only writing large chunks to the disk [Rosenblum92].
Assuming that free extents of disk blocks are always
available, LFS works extremely well for write activ-
ity. However, the design is based on the assumption
that file caches will absorb all read activity and does
not help inimproving read performance. Unfortunately,
anecdotal evidence, measurements of real systems (e.g.,
[Baker91]), and simulation studies (e.g., [Dahlin94]) all
indicate that main memory caches have not eliminated
read traffic.

This paper describes the co-locating fast file system
(C-FFS), which introducestwo techniquesfor exploiting
disk bandwidth for small files and metadata: embedded
inodes and explicit grouping. Embedding inodesin the
directory that names them (unlessmultipledirectoriesdo
s0), rather than storing them in separate inode blocks,
removes a physical on-disk level of indirection without
sacrificing the logical level of indirection. This tech-
nique offers many advantages: it halves the number of
blocks that must be accessed to open afile; it allowsthe
inodes for al names in adirectory to be accessed with-
out requesting additional blocks; it eliminates one of
the ordering constraints required for integrity during file
creation and deletion; it eliminates the need for static
(over-)allocation of inodes, increasing the usable disk
capacity [Forin94]; and it simplifies the implementation
and increases the efficiency of explicit grouping (there
isa synergy between these two techniques).

Explicit grouping places the data blocks of multiple
files at adjacent disk locations and accesses them as a
single unit most of the time. To decide which small
files to co-locate, C-FFS exploits the inter-file relation-
ships indicated by the name space. Specifically, C-FFS
groups files whose inodes are embedded in the same di-
rectory. The characteristics of disk drives have reached
the point that accessing several blocks rather than just
one involves a fairly small additional cost. For exam-
ple, even assuming minimal seek distances, accessing
16 KB requires only 10% longer than accessing 8 KB,
and accessing 64 KB requires less than twice as long
as accessing a single 512-byte sector. Further, the rela-
tive cost of accessing more data has been dropping over
the past several years and should continue to do so. As
a result, explicit grouping has the potential to improve
small file performance by an order of magnitude over
conventional file system implementations. Because the
incremental cost is so low, grouping will improve per-
formance even when only a fraction of the blocksin a
group are needed.

Figure 1 illustrates the state-of-the-art and the im-
provements made by our techniques. Figure 1A shows
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Figure 1: Organization and layout of file data on disk.
This figure shows the on-disk locations of directory
blocks (marked ‘D’), inode blocks (‘I') and the data
for five single-block files ('F1' —‘F5’) in four different
scenarios: (A) theideal conventional layout, (B) amore
realistic conventional layout, (C) with the addition of
embedded inodes, and (D) with both embedded inodes
and explicit grouping (with a maximum group size of
four blocks).

the ideal layout of data and metadata for five single-
block files, which might be obtained if one uses afresh
FFS partition. In thiscase, theinodesfor all of thefiles
are located in the same inode block and the directory
block and the five file blocks are stored adjacently. With
thislayout, the prefetching performed by most diskswill
exploit the disk’s bandwidth for reads and scatter/gather
I/O from the file cache can do so for writes. Unfortu-
nately, a more realistic layout of these files for an FFS
file system that has been in use for awhileis more like
that shown in Figure 1B. Reading or writing the same
set of files will now require several disk accesses, most
of which will reguire repositioning (albeit with limited
seek distances, since the picture shows only part of a
singlecylinder group). With embedded inodes, one gets
the layout shown in Figure 1C, wherein the indirection
between on-disk directory entries and on-disk inodesis
eliminated. Finally, with both embedded inodes and ex-



plicit grouping, one gets the layout shown in Figure 1D.
In this case, one can read or write all five files with
two disk accesses. Further, for files F1 and F2, one
can read or write the name, inode and data block all
ina single disk request. In our actual implementation,
the maximum group size is larger than that shown and
the allocation code would try to place the second group
immediately after thefirst.

We have constructed a C-FFS implementation that
includes both of these techniques. Measurements of
C-FFSas compared to the same fil e system without these
techniques show that, for small file activity, embedded
inodes and explicit grouping can reduce the number of
disk accesses by more than an order of magnitude. On
the system under test (a modern PC), thistrandatesinto
a performance increase of a factor of 5-7 in small file
throughput for both reads and writes. Although our
evaluationis preliminary, experimentswith actual appli-
cations show performance improvements ranging from
10-300 percent.

The remainder of this paper is organized as follows:
Section 2 provides more detailed motivation for co-
location, by exploring the characteristics of modern disk
drivesand file storage usage. Section 3 describesourim-
plementation of embedded inodes and explicit grouping.
Section 4 shows that co-location improves performance
significantly by comparing two file system implementa-
tionsthat differ only in thisrespect. Section 5 discusses
related work. Section 6 discusses some open questions.
Section 7 summarizes this paper.

2 Motivation

The motivatinginsightsfor thiswork fall into two broad
categories: (1) The performance characteristics of mod-
ern disk drives, the de facto standard for on-line stor-
age, force us to aggressively pursue adjacency of small
objects rather than just locality. (2) The usage and or-
ganizational characteristics of popular file systems both
suggest the logical relationships that can be exploited
and expose the failure of current approaches in placing
related data adjacently.

2.1 Modern Disk Drive Characteristics

It has repeatedly been pointed out that disk drive access
times continue to fall behind relative to other system
components. However, disk drive manufacturers have
not been idle. They have matched the improvement
rates of other system componentsin areas other than the
accesstime, such asreliability, cost per byte, and record-
ing density. Also, although it has not improved quite as
rapidly, bulk data bandwidth has improved significantly.

This section uses characteristics of modern disk drives
to show that reading or writing several 4KB or 8K B disk
blocks costs a relatively small amount more than read-
ing or writing only one (e.g., 10% for 8KB extra and
100% for 56K B extra), and that thisincremental cost is
dropping. Because of the high cost of accessing asingle
block, it makes sense to access several even if only some
of them are likely to be necessary. Readers who do not
need to be convinced are welcome to skip to Section 2.2.

The service time for a disk request can be broken
into two parts, one that is dependent on the amount of
data being transferred and one that is not. The former
usualy consists of just the media transfer time (unless
the mediatransfer occurs separately, as with prefetch or
write-behind). Most disks overlap the bus transfer time
with the positioning and media transfer times, such that
what remains, the ramp-up and ramp-down periods, is
independent of the size. Most of the service time com-
ponents, most notably including command processing
overheads, seek times, and rotational latencies, areinde-
pendent of therequest size. With modern disk drivesand
small requests, the size-independent parts of the service
time dominate the size-dependent part (e.g., > 90% of
the total for random 8K B requests).

Another way to view the same two aspects of the
service time are as per-request and per-byte. The domi-
nating performance characteristic of modern disk drives
is that the per-request cost is much larger than the per-
byte cost. Therefore, transferring larger quantities of
useful data in fewer requests will result in a significant
performance increase.

One approach currently used by many file systemim-
plementorsisto try to place related data items close to
each other on the disk, thereby reducing the per-request
cost. This approach doesimprove performance, but not
nearly as much as one might hope. It is generaly lim-
ited to reducing seek distances, and thereby seek times,
which represent only about half of the per-request time.
Rotational latency, command processing and datamove-
ment comprise the other half. In addition, even track
switches and single-cylinder seeks require a significant
amount of time (e.g., a millisecond or more) because
they dtill involve mechanical movement and settling de-
lays. Further, this approach is successful only when no
other activity uses the disk (and thereby moves the disk
arm) between related requests. Asaresult, thisapproach
isgenerally limitedto providing less than afactor of two
in performance (and in practice much less).

To help illustrate the above claims, Table 1 lists char-
acteristicsfor three state-of-the-art (for 1996) disk drives
[HP96, Quantum96, Seagate96]. Figure2 shows, for the
same three drives, average access times as a function of
the request size. Severa points can be inferred from
these graphs. First, the incremental cost of reading or



Disk Drive Hewlett-Packard Seagate Quantum
Specification C3653a Barracuda Atlasll
Capacity 8.7 GB 9.1GB 9.1GB
Cylinders 5371 5333 5964
Surfaces 20 20 20
Sectors per Track 124-173 153-239 108-180
Rotation Speed 7200 RPM 7200 RPM 7200 RPM
Head Switch <1ms N/A N/A
One-cyl. Seek <1ms 0.6 ms (0.5 ms) 1.0ms
Average Seek 8.7ms(0.8ms) | 8.0ms(1.5ms) 7.9ms
Maximum Seek | 16.5ms(1.0ms) | 19.0 ms (1.0 ms) 18.0ms

Table 1: Characteristics of three modern disk drives, taken from [HP96, Seagate96, Quantum96]. N/A indicates
that the information was not available. For the seek times, the additional time needed for write settling is shown in

parentheses, if it was available.
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Figure 2: Average service time as a function of request size. The X-axis uses log scale. Two of the linesin each
plot represent the access time assuming an average seek time and a single-cylinder seek time, respectively. The other
two linesin each plot (Iabelled “immed”) represent the same values, but assuming that the disk utilizes a technique
known as immediate or zero-latency access. The basic ideaisto read or write the data sectors in the order that they
pass under the read/write head rather than in strictly ascending order. This can eliminate part or all of the rotational

latency aspect of the service time. These values were calculated from the datain Table 1 using the read seek times
(which are shorter), assuming zero command initiation/processing overheads, and using the sector/track value for
the outermost zone.

writing several blocks rather than just oneissmall. For
example, a16 KB access takes|essthan 10% |onger than
an 8 KB access, even assuming a minimal seek time. A
64 KB accesstakeslessthantwiceaslongasan 8 KB ac-
cess. Second, immediate or zero-latency access extends
the range of request sizes that can be accessed for small
incremental cost, which will increase the effectiveness

of techniques that co-locate multiple small data objects.
Third, the seek time for random requests represents a
little more than half the total service time. Therefore,
eliminating it completely for a series of requests can
halve each service time after the first. In comparison,
co-location will eliminate the entire service time for a
set of requests after paying only a slightly higher cost



for thefirst. So, whilereducing seek times can improve
performance somewhat, aggressive co-location has the
potential to provide much higher returns.

Not only are per-byte costs small relative to per-
request costs, but they have been decreasing and are
likely to continueto do so. For example, the HP C2247
disk drive [HP91, HP92] of a few years ago had only
half as many sectors on each track as the HP C3653
listed in Table 1, but an average access time that was
only 33% higher. Asaresult, arequest of 64KB, which
takes only 2 times as long as a request of 8KB on state-
of-the-art disks, took nearly 3 times as long as a request
of 8KB onolder drives. Projecting thistrend into thefu-
ture suggests that co-location will become increasingly
important.

2.2 File System Characteristics

File systems use metadatato organi ze raw storage capac-
ity into human-readable name spaces. Most employ a
hierarchical name space, using directory filesto trandate
components of a full file name to an identifier for either
the desired file or the directory with which to translate
the next name component. At each step, the file system
uses the identifier (e.g., an inode number in UNIX file
systems) to determine the location of the file's meta
data (e.g., an inode). This metadata generally includes
a variety of information about the file, such as the last
modification time, the length, and pointersto where the
actual data blocksare stored. Thisorganizationinvolves
several levels of indirection between afile name and the
corresponding data, each of which can result in a sepa-
rate disk access. Additionally, the levels of indirection
generaly cause each file's data to be viewed as an inde-
pendent object (i.e., logical relationships between it and
other files are only loosely considered).

To get a better understanding of real file storage or-
ganizations, we constructed a small utility to scan some
of our group'sfile servers. The two SunOS 4.1 servers
scanned supply 13.8 GB of storage from 9 file systems
on5disks. At thetime of the examination, 9.8 GB (71%
of the total available) was allocated to 466,271 files.

In examining the statistics collected, three observa-
tions led us to explore embedded inodes and explicit
grouping. First, as shown in Figure 3 as well as by
previous studies, most files are small (i.e., 79% of those
on our server are smaller than a single 8KB block). In
additiontothisstatic view of file size distributions, stud-
ies of dynamic file system activity have reported similar
behavior. For example, [Baker91] states that, although
most of the bytes accessed are in large files, “the vast
majority of file accesses are to small files” (e.g., about
80% of the files accessed during their study were less
than 10KB). These data, combined with the fact that
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Figure 3: Distribution of file sizes measured on our file
Servers.

file system implementors are very good at dealing with
large files, suggest that it is important to address the
performance of small file access.

Second, despite the fact that each inode block con-
tains 64 inodes, multiple inode blocks are often used to
hold the metadata for files named in a particular direc-
tory (see Figure 4). On average, we found that the ratio
of names in a directory to referenced inode blocks is
roughly six to one. That is, every sixth name translates
to a different inode block. This suggests that the cur-
rent mechanism for choosing where to place an inode
(i.e., inode allocation) does a poor job of placing related
inodes adjacently. With embedded inodes, we store in-
odes in directories rather than pointersto inodes, except
in the rare case (less than 0.1 percent, on our server) of
having multiplelinksto a file from separate directories.
In addition to eliminating a physical level of indirec-
tion, embedding inodes reduces the number of blocks
that contain metadata for the files named by a particular
directory.

Third, despite the fact that the allocation algorithm
for single-block files in a directory might be expected
to achieve an ideal layout (as in Figure 1A) on a brand
new file system, these blocks tend to be local (e.g., in
the same cylinder group) but not adjacent after the file
system has been inuse. For example, looking at entries
intheir physical order in the directory, we find that only
30% of directories are adjacent to the first file that they
name. Further, fewer than 45% of files are placed adja-
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to on our file servers.

cent to the file whose name precedes their name in the
directory.? The consequence of this lack of adjacency
is that accessing multiple files in a directory involves
disk head movement for every other file (when the file
cache does not capture the accesses). The lack of ad-
jacency occurs because, for the first block of afile, the
file system always begins looking for free space at the
beginning of the cylinder group. With explicit grouping,

new file blocks for small files will be placed adjacently
to other files in the same directory whenever possible.
This should represent a substantial reductionin the num-

ber of disk requests required for a set of files named by
agiven directory.

We believe that the relationshipsinherent in the name
space can be exploited to successfully realize the per-
formance potential of modern disks' bandwidths. For
example, many applications examine the attributes (i.e.,
reference theinodes) of files named by agiven directory
soon after scanning the directory itself (e.g., revision
control systems that use modification times to identify
filesin the source tree that might have changed and di-

2Different applications access files named by a directory in dif-
ferent orders. For example, many shell utilities re-order file listings
alphabetically, while multi-file compileand link programsoften apply
a user-specified ordering. Asaresult, we also looked t file adjacency
under aternative file sequences. For example, in aphabetical order,
only 16% of directories are adjacent to their first file and only 30% of
files areadjacent totheir predecessor. Evenwith the best-caseordering
(by ascending disk block address), only 64% of files are next to their
predecessor.

rectory listing programs that format the output based on
permissions). Such temporal locality can be exploited
directly with embedded inodes. Similarly, itis common
for applications to access multiple files in a directory
(e.g., when scanning a set of files for a particular string
or when compiling and linking a multi-file program), as
opposed to accessing files randomly strewn throughout
the name space. Therefore, explicitly grouping small
filesin a directory represents a significant performance
advantage.

3 Design and | mplementation

To better exploit the databandwidth provided by modern
disk drives, C-FFS uses embedded inodes and explicit
grouping to co-locate related small data objects. This
section describes the various issues that arise when ap-
plying these techniques and how our C-FFS implemen-
tation addresses them.

3.1 Embedded I nodes

Conceptualy, embedding inodes in directories is
straightforward. One simply eliminates the previous
inode storage mechanism and replaces the inode pointer
generally found in each directory entry with the in-
odeitself. Unfortunately, afew complications do arise:
(2) Finding the location of an arbitrary inode given an



inode number (and to avoid changing other file system
components, thisfile ID must remain unique) must still
be both possible and efficient. (2) As part of enabling
the discovery of an arbitrary inode's location, the cur-
rent C-FFSimplementation replacesinode numberswith
inode locators that include an ID for the containing di-
rectory. One consequence of this approach isthat when
afileis moved from one directory to another, its inode
locator will change. This can cause difficulties for sys-
tem componentsthat are integrated with the file system
and rely on inode number constancy. (3) Althoughfiles
with links from multiple directories are rare, they are
useful and should still be supported. Also, files with
multiple links from within a directory should be sup-
ported with low cost, since some applications (such as
editors) use such linksfor backup management. (4) File
system recovery after both system crashes and partial
media corruption should be no less feasible than with a
conventional file system organization.

One of our implementation goals (on which we were
almost successful) was to change nothing beyond the
directory entry manipulation and on-disk inode access
portions of the file system. This section describes how
C-FFS implements embedded inodes, including how
C-FFS addresses each of the above issues.

Finding specific inodes

By eliminating the statically allocated, directly indexed
set of inodes, C-FFS breaks the direct translation be-
tween inode number and on-disk inode location. To
regain this, C-FFS replaces conventional inode numbers
with inode locator s and adds an additional on-disk data
structure, called the directory map. In our current im-
plementation, an inode locator has three components: a
directory number, a sector number within the directory
and anidentifier withinthe sector. C-FFScurrently sizes
these at 16 bits, 13 bits and 3 bits, respectively, provid-
ing more than an order of magnitude more room for
growth in both directory count and directory size than
appears to be necessary from the characteristics of our
file server. However, shifting to a 64-bit inode locator
would overcome any realistic limitations.

Tofindtheinodefor an arbitrary inodelocator, C-FFS
uses the following procedure:

1. Look in the inode cache.

2. If the inode is not in the cache, use the directory
number portion of the inode locator to index into
the directory map. This provides the inode locator
for the directory. A specia directory number, O,
is used to refer to the “directory” containing multi-
linked inodes that are not embedded (see below).

3. Get the directory’sinode. This may require recur-
sively executing steps 1, 2, and 3 several times.
However, the recursion is always bounded by the
root of the directory hierarchy and should rarely
occur in practice, since getting to the file's inode
locator in the first place required looking in the di-
rectory. Further, thisrecursion could be eliminated
by exploiting the auxiliary physical location infor-
mation included in the directory map (see below).

4. Read the directory block that contains the sector
referred to by the sector number component of the
inode number. (Note that the sector number is not
really necessary — it simply allows us to restrict
the linear scan.)

5. Traverse the set of directory entries in the sector to
find the matching inode information, if it exists.

Movingfiles

Because C-FFS stores inodes inside the directories that
name them, moving a file from one directory to another
involvesalso moving theinode. Fortunately, thisiseasy.
However, because inode |ocators encode the inode's lo-
cation, including the containing directory’s number, the
inode locator must be changed when an inode moves.®
In additionto file movement, C-FFSmoves inodeswhen
they are named by multiple directories (see below) and
when the last name for a file is removed while it is
still open (to support POSIX semantics). Unfortunately,
changing the externally visible file ID can cause prob-
lems for system components, such as an NFS server,
that relies on constancy of the file ID for a given file.
Some solutionsto this problem that we have considered
include not actually moving the inode (and using the
externa link entry type discussed below), keeping an
additional structure to correlate the old and new inode
locators and forcing other system components to deal
with the change. We currently use this last solution,
but are growing concerned that too many applications
expect file IDs to remain constant.

We currently believe that the correct solution is to
bring back constant inode numbers and to introduce an-
other table to translate inode numbers to inode locators.
Properly implemented, we believethat such atablecould
be maintained withlow cost. In particular, it would only
need to be read when a desired inodeis not in the inode
cache. Also, by keeping both the inode number and the

3Notethat movingadirectory will changetheinodelocator for the
directory but will not change the inode locators for any of the files it
names. Theinode locators for these latter files encode the directory’s
identity by its index into the directory map rather than by its inode
locator.



inodelocator in eachinode, thetable could be considered
soft state that is reconstructed if the system crashes.

Supporting hard links

Althoughit is rare to have multiple hard linksto a sin-
gle file, it can be useful and we want to continue to
allow it. Therefore, C-FFS replaces the inode pointer
field of conventional directories with a type that can
take on one of five values: (1) invalid, which indicates
that the directory entry is just a space holder; (2) em-
bedded, which indicates that the inode itself is in the
entry; (3) directory pointer, which indicates that the en-
try containsadirectory number that can be used to index
into the directory map to find the corresponding inode
locator (this entry type is used only for the special ‘.
and ‘.. entries); (4) internal link, which indicates that
the entry contains a pointer to the location of the actual
inode elsewhere within the directory; and (5) external
link, which says that the entry contains a pointer to the
location of theinode outside of thedirectory. Additional
space in the directory entry is used to hold the inode or
pointer for the latter four cases.

Assuggested by the existence of an external link type,
C-FFS stores some inodes outside of directories. In par-
ticular, C-FFS does this for inodes that are named by
multiplefiles and for inodes that are not named but have
been opened by some process. For the latter case, ex-
ternalizing an inode is simple because we don't need to
guaranteeitsexistence acrossasystemfailure. External-
izing an inodeto add a second external link, on the other
hand, isexpensivein our current C-FFSimplementation,
requiring two synchronouswrites (oneto copy theinode
to its new home and one to update the directory from
which is was moved). Externalized inodes are kept in a
dynamically-growable, file-like structure that is similar
tothe IFILE inBSD-LFS[Seltzer93]. Some differences
arethat the externalized inode structure growsas needed
but does not shrink and itsblocks do not move once they
have been allocated.

File system recovery

One concern that re-arranging file system metadata
raises is that of integrity in the face of system fail-
ures and media corruption. Regarding the first, we
have had no difficulties constructing an off-linefile sys-
tem recovery program much likethe UNIX Fsck utility
[McKusick94]. Although inodes are no longer at stat-
ically determined locations, they can al be found (as-
suming no media corruption) by following the directory
hierarchy. We also do not believe that embedded inodes
increase the time required to complete failure recovery,
sincereading thedirectoriesisrequiredfor checking link

countsanyway. Infact, embedded inodes reduce the ef-
fort involved with verifying the link counts, since extra
state need not be kept (avalid embedded inode hasalink
count of one plus the number of internal links).

The one potential problem that embedding inodesin-
troduces is that an unfortunate media corruption can
cause al files below a corrupted directory to be lost.
Even though they are uncorrupted, the single way to
find them will have been destroyed. This is unaccept-
able when compared to the current scheme, which loses
a maximum of 64 files or directories when an inode
block is destroyed. All files that become disconnected
from the name hierarchy due to such a loss can still be
found. Fortunately, we can employ a simple solution to
this problem — redundancy. By augmenting the direc-
tory map with the physical location of each directory’s
inode, we eliminate the loss of directories and files be-
low alost directory. Although the absolute amount of
loss may be dlightly higher (because the density of use-
ful information is higher), it should be acceptable given
the infrequency of post-factory media corruption.

Simplifyingintegrity maintenance

Although the original goal of embedded inodes was to
reduce the number of separate disk requests, a pleasant
side effect is that we can also eliminate one of the se-
guencing constraints associated with metadata updates
[Ganger94]. In particular, by eliminating the physical
separation between aname and the corresponding inode,
C-FFS exploitsa disk drive characteristic to atomically
update the pair. Most disks employ powerful error cor-
recting codeson each sector, which hastheeffect of elim-
inating (with absurdly high probability) the possibility of
only part of the sector being updated. So, by keeping the
two itemsin the same sector, we can guarantee that they
will be consistent with respect to each other. For file
systems that use synchronous writes to ensure proper
sequencing, this can result in a two-fold performance
improvement [Ganger94]. For more aggressive imple-
mentations (e.g., [Hagmann87, Chutani92, Ganger95]),
thisreduces compl exity and the amount of book-keeping
required.

Directory sizes

A potential down-side of embedded inodes is that the
directory size can increase substantially. While making
certain that an inode and its name remain in the same
sector, three directory entries with embedded 128-byte
inodes can be placed in each 512-byte sector. Fortu-
nately, as shown in Figure 4, the number of directory
entriesis generally small. For example, 94% of al di-
rectories would require only one 8 KB block on our file



servers. For many of these, embedded inodes actually
fit into space that was alocated anyway (the minimum
unit of alocationisal KB fragment). Still, there are a
few directories with many entries (e.g., severa of over
1000 and one of 9000). For alarge directory, embedded
inodes could greatly increase the amount of data that
must be read from disk in order to scan just the names
in a directory (e.g., when adding yet another directory
entry). We are not particularly concerned about this,
since bandwidth is what disks are good at. However, if
experience teaches us that large directories are a signif-
icant problem, one option is to use the external inode
“file” for theinodes of such directories.

3.2 Grouping Small Files

Like embedded inodes, small file grouping is concep-
tually quite simple. C-FFS simply places several small
files adjacently on the disk and read/writes the entire
group as a unit. The three main issues that arise are
identifying the disk locations that make up a group, al-
locating disk locations appropriately, and caching the
additional group items before they have been requested
or identified. We discuss each of these below.

I dentifying the group boundaries

To better expl oit avail able disk bandwidth, C-FFSmoves
groups of blocksto and from the disk at once rather than
individually. To do so, it must be possible to determine,
for any given block, whether it is part of a group and,
if so, what other disk locations are in the same group.
C-FFS does this by augmenting each inode with two
fields identifying the start and length of the group.* Be-
cause grouping is targeted for small files, we don't see
any reason to allow an inodeto point to datain more than
onegroup. Infact, C-FFS currently allowsonly thefirst
block (the only block for 79% of observed files) of any
file other than a directory to be part of a group. Identi-
fying the boundaries of the group is a simple matter of
looking in the inode, which must already be present in
order to identify the disk location of the desired block.

Allocation for groups

Before describing what is different about the alocation
routines used to group small files, we want to stress
what is not different. Placement of data for large files
remains unchanged and should exploit clustering tech-
nology [Peacock88, McVoy9l]. Directories are also
placed asin current systems, by finding a cylinder group

4Although we have added fields to support grouping in the C-FFS
prototype, it would seem reasonable to overload two of the indirect
block pointersinstead and simply disable grouping for largefiles.

with many free blocks. (The fast file system actually
performs directory allocation based on the number of
free inodes rather than the amount of free space. With
embedded inodes, however, this becomes both difficult
and of questionable value.)

The main change occurs in deciding where to place
the first block (or fragment) of a file. The standard
approach is to scan the freelist for a free block in the
cylinder group that contains the inode, aways starting
from the beginning. As files come and go, the free re-
gions towards the front of the cylinder group become
fragmented. C-FFS, on the other hand, tries to incor-
porate the new file block (or fragment) into an existing
group associated with the directory that names the file.
This succeeds if there is free space within one of the
groups (perhaps due to a previous file deletion or trun-
cation) or if there is afree block outside of a group that
can be incorporated without causing the group to ex-
ceed its maximum size (currently hard-coded to 64 KB
in our prototype, which approximates the knees of the
curves in Figure 2). To identify the groups associated
with a particular directory, C-FFS exploits the fact that
using embedded inodes gives us direct access to all of
the relevant inodes (and thus their group information)
by examining the directory’sinode (which identifiesthe
boundaries of thefirst group) and scanning the directory
(ignoring any inodes for directories). If the new block
extends an existing group, C-FFS again exploits embed-
ded inodes to scan the directory and update the group
information for other group members. If the new block
cannot be added to an existing group, the conventional
approach i