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Figure 1: On-disk structure for lo cating data blo c ks

of a �le

�le system can b e considered as consisting of t w o

la y ers: the upp er la y er maps the hierarc hical struc-

ture of the directory tree on to the 
at namespace of

ino de n um b ers; the lo w er la y er maps an ino de n um-

b er and a p osition within a �le to the disk blo c k

that con tains the data. The di�erence b et w een log-

structured and other �le systems is in the lo w er

la y er, so w e will fo cus on it in this section (and in

the rest of this pap er).

2.1 Reading

Reading is quite similar to con v en tional �le sys-

tems lik e ext2 and BSD FFS: when reading a cer-

tain blo c k from a certain �le, the �le's ino de is ac-

cessed, and the data blo c k is accessed b y follo w-

ing the p oin ter there (p ossibly going through sev eral

lev els of indirect blo c ks).

Ho w do w e �nd the ino de? In LinLogFS (in con trast

to con v en tional �le systems) the ino des reside in the

�le .ifile. W e �nd the ino de of this �le through

the sup erblo c k (see Fig. 1).

2.2 Writing

The distinctiv e feature of log-structured �le systems

is that they p erform no up date-in-place; instead

they write c hanged data and meta-data to an un-

used place on the disk. So, when writing a blo c k

of data to a �le, the blo c k is written to a new lo-

cation, the no w-c hanged indirect blo c k p oin ting to

it is written to a new lo cation, and so on for the

whole c hain from the sup erblo c k to the data blo c k

(see Fig. 2).

2

Bene�t: Since existing data is not destro y ed b y

writing o v er it, it is easy to clone the �le system

for bac kup purp oses and to undelete �les.

2

This is similar to the handling of data structures in

single-assignmen t languages, in particular eager functional

programming languages lik e ML.

.ifile inode

superblock

file inode

data block 2

.ifile inode

file inode

new data block 2data block 1

Figure 2: Change of the on-disk structure when

o v erwriting data blo c k 2 of the �le

The sup erblo c k is written and up dated in a �xed

place, allo wing us to �nd it, the .ifile and th us

the whole �le system when moun ting it. Therefore,

up dating the sup erblo c k commits all the writes since

the last sup erblo c k up date.

Bene�t: Ha ving explicit commits allo ws p erform-

ing atomic op erations in v olving more than one

blo c k, e.g., directory op erations. This mak es

it easy to ensure that the committed state of

the �le system is consisten t and pro vides fast

crash reco v ery . It also mak es it easy to guaran-

tee in-order write seman tics up on a crash (see

Section 3.2).

Since there is no restriction on where the blo c ks

m ust b e written, they can all b e app ended to a log.

Most of the time a n um b er of writes can b e collected

and written in one large batc h. Ideally the disk is

written from the start to the end (see Section 2.3

for deviations from this ideal).

Bene�t: The resulting sequen tial writes require no

disk seeks (except for the sup erblo c k up dates;

see Section 3.1.1 for reducing these seeks) and

th us allo w fast sync hronous writes. Large se-

quen tial writes are also helpful when writing to

RAIDs. Moreo v er, they mak e it easy to �nd

the newly written data when sync hronizing a

(net w ork) mirror.

2.3 Reclaiming Space

Unfortunately disks are �nite, so w e ha v e to reclaim

the space o ccupied b y deleted or o v erwritten data

b efore the disk is full. LinLogFS divides the v olume

in to segmen ts of ab out 512KB.

3

The cle aner pro-

gram reclaims a segmen t b y cop ying the (hop efully

small amoun t of ) liv e data to the end of the log.

3

Note that starting a new segmen t do es not commit

c hanges written in the last one (at least in LinLogFS).



Then the reclaimed segmen t is a v ailable again for

writing.

Bene�t: Using large segmen ts instead of a free

blo c ks map ensures that the �lesystem can usu-

ally write sequen tially , a v oiding seeks. Using

segmen ts instead of treating the log as one big

ring bu�er allo ws segregating long-liv ed from

short-liv ed data and v arying the cleaning fre-

quency accordingly . The cop ying approac h of

the cleaner mak es it easy to free sp eci�c seg-

men ts in order to shrink or migrate a v olume.

The cleaner uses segmen t summary information:

F or ev ery blo c k in the segmen t, the segmen t sum-

mary con tains the �le and the blo c k n um b er within

the �le. This mak es it e�cien t for the cleaner to

�nd out whether a blo c k is liv e.

3 Log-structured File System Details

This section discusses a n um b er of design issues for

log-structured �le systems in more detail.

3.1 Optimizations

3.1.1 Roll forward

W riting the sup erblo c k requires a seek to the su-

p erblo c k and a seek bac k to the log, limiting the

p erformance for small sync hronous writes.

This can b e solv ed b y writing sp ecial commit blo c ks

in to the log. When moun ting a �le system, the �le

systems do es not assume that the sup erblo c k p oin ts

to the end of the log. Instead, it uses the p oin ted-to

blo c k as a roll-forw ard start p oin t and scans forw ard

for the last written commit blo c k. The �le system

uses that commit blo c k as the end of the log; i.e.,

it con tains the .i�le ino de and allo ws �nding the

whole �le system. T o limit the crash reco v ery time,

the sup erblo c k is still written no w and then (e.g.,

when ab out 10MB of segmen ts ha v e b een written

to ac hiev e a crash reco v ery time on the order of one

second).

3.1.2 Change Records

Instead of writing ev ery c hanged blo c k out when

committing, space and write time can b e sa v ed in

man y cases b y recording just what has c hanged.

During roll-forw ard, the �le system up dates its in-

memory copies of the c hanged (meta-)data with this

information. Of course, the c hanged blo c ks still

ha v e to b e written out when establishing a new roll-

forw ard start p oin t, but for blo c ks that are c hanged

sev eral times b et w een suc h start p oin ts, this opti-

mization pa ys o�.

The state to whic h a c hange record is applied on

reco v ery is kno wn completely , so w e can use an y

kind of c hange record (in con trast to journaling �le

systems, where c hange records are usually restricted

to idemp oten t op erations [V GT95 ]).

Change records in
uence reco v ery time b y requiring

reading the blo c ks that they c hange (and p ossibly

indirect blo c ks to �nd them). This should b e tak en

in to accoun t when deciding when to write a new roll-

forw ard start p oin t. Another consequence is that

the cleaner has to treat these blo c ks as liv e.

3.1.3 Block Pointers

W riting one data blo c k can cause up to eigh t meta-

data blo c ks to b e written to the log: up to three

indirect blo c ks, the blo c k con taining the ino de of

the �le, up to three indirect blo c ks of the .ifile,

and the commit blo c k con taining the .ifile ino de;

the reason for this cascade is that the p oin ter to

the next blo c k in the c hain c hanges. The usual case

is m uc h b etter, b ecause usually man y written data

blo c ks share meta-data blo c ks. Ho w ev er, for small

sync hronous writes blo c k p oin ter up dates w ould b e

a problem. Moreo v er, part of this meta-data (the

.i�le ino de and its indirect blo c ks) tends to b e o v er-

written and th us b ecome dead quic kly , requiring a

cleaning pass ev en if none of the user data in the

segmen t has died.

T o alleviate this problem, w e are considering to add

c hange records for the most frequen t cause of meta-

data up dates: up dates of p oin ters to blo c ks. The

c hange record w ould describ e whic h blo c k of whic h

�le no w resides where.

There is an impro v emen t of this optimization: w e

need to store the information ab out whic h blo c ks

reside where only once, not once for the c hange

records and once as segmen t summary information

for the cleaner.

Another re�nemen t of this optimization is to com-

bine the c hange records for ranges of blo c ks of the

same �le in to one c hange record, sa ving space.



3.2 In-order semantics

With in-or der semantics w e mean that the state of

the �le system after reco v ery represen ts all write()s

(or other c hanges) that o ccurred b efore a sp eci�c

p oin t in time, and no write() (or other c hange) that

o ccurred afterw ards. I.e., at most y ou lose a min ute

or so of w ork.

The v alue of this guaran tee ma y not b e immedi-

ately ob vious. It means that if an application en-

sures �le data consistency in case of its o wn unex-

p ected termination b y p erforming writes and other

�le c hanges in the righ t order, its �le data will also

b e consisten t (but p ossibly not up-to-date) in case

of a system failure; this is su�cien t for man y appli-

cations.

Ho w ev er, most �le systems no w ada ys guaran-

tee only meta-data consistency and require the

extensiv e use of fsync(2) to ensure an y data

consistency at all. So, if applications fsync, isn't

the in-order guaran tee w orthless? Our exp erience

(h ttp://www.complang.tu wien.ac.at/an ton/sync-

metadata-up dates.h tml) suggests that ev en p opular

applications lik e Emacs don't fsync enough to a v oid

signi�can t data losses; and ev en for applications

that try to ensure data consistency across OS

crashes with fsync, this is probably not a v ery

w ell-tested feature. So, pro viding the in-order

guaran tee will impro v e the b eha viour of man y

applications.

Moreo v er, fsync() is an exp ensiv e feature that

should not b e used when c heap er features lik e the

in-order guaran tee are su�cien t.

One problem with guaran teeing in-order seman tics

in a log-structured �le system is that frequen t fsyncs

can lead to fragmen ting unrelated �les.

4

There are

t w o p ossible solutions:

� Defragmen t the �les up on cleaning.

� W eak en the guaran tee suc h that the state of the

�le system after reco v ery represen ts all write()s

(or other c hanges) that o ccurred b efore a sp e-

ci�c p oin t in time, and only fsync()s that o c-

curred afterw ards; after all, applications using

fsync supp osedly kno w what they are doing.

4

The reason for this fragmen tation is: with in-order se-

man tics, fsync() is equiv alen t to sync(), i.e., all c hanges are

written out. No w assume a w orkload where lots of �les are

written concurren tly . Giv en the sequen tial writing strategy

of log-structured �le systems, parts of unrelated �les end up

close to eac h other, and these �les will b e fragmen ted.

3.3 Cleaning and Cloning

W e ha v e not implemen ted a cleaner for LinLogFS

y et; this section re
ects our curren t though ts on

cleaning.

The cleaning heuristics discussed in the literature

[R O92 , BHS95] w ork w ell, so this is the direction

w e w ould lik e to tak e: cleaning proactiv ely when

the disk is idle, and using utilization and age for

c ho osing segmen ts to clean. W e also lik e the Spira-

log [WBW96 ] idea of pro ducing en tire segmen ts out

of collected data (instead of cop ying the collected

data in to the curren t segmen t), whic h allo ws a v oid-

ing mixing up data with di�eren t ages (i.e., di�eren t

exp ected lifetimes). The cleaner can also b e used for

defragmen tation.

The main new problem in cleaning LinLogFS is ho w

to deal with cloning. The cleaners describ ed in the

literature use information ab out the utilization of a

segmen t in their heuristics. This information is not

easily a v ailable in the presence of cloning; in par-

ticular, dismissing a clone can result in c hanges in

utilization that are exp ensiv e to trac k. File deletion

w ould also b e relativ ely exp ensiv e (esp ecially con-

sidering that it w ould b e v ery c heap otherwise): for

ev ery blo c k in the �le the �lesystem w ould ha v e to

c hec k whether the blo c k is still aliv e in an y other

clone.

Therefore, w e ha v e to searc h for heuristics that w ork

without this information, or with just appro ximate

information (lik e upp er and lo w er b ounds on utiliza-

tion).

If w e don't �nd suc h heuristics, w e ma y ha v e to bite

the bullet, and k eep trac k of whic h blo c ks are aliv e

in whic h clone. W AFL [HLM94 ] uses a simple bit

matrix for this (with 32 bits/blo c k). This has the

follo wing disadv an tages:

RAM consumption F or a 20GB �le system with

4KB blo c ks, this requires 20MB, m uc h of whic h

will ha v e to reside in RAM at most times, in

particular when cloning or dismissing clones.

This is esp ecially w orrying b ecause disks tend

to gro w faster than RAM since the early 1990s.

High cloning and dismissing cost Cloning re-

quires cop ying a bit to another bit in eac h w ord

of the matrix. This can tak e longer than y ou

w an t to lo c k out �le system write op erations, so

y ou ma y ha v e to allo w writing during cloning;

also, the new matrix has to b e written to disk.

Limited number of clones There can b e at most



32 clones (20 in W AFL).

A more sophisticated data structure ma y reduce

these problems; the follo wing prop erties can b e ex-

ploited: most blo c ks are aliv e in all clones, or dead

in all clones; large exten ts of blo c ks will b e all aliv e

or all dead ev erywhere.

If w e ha v e p er-blo c k liv eness information, it ma y b e

preferable to simply write to dead blo c ks instead

of using a cleaner to clean segmen ts. W AFL uses

this approac h, but it is unclear ho w w ell it p erforms

without NVRAM supp ort, esp ecially in the presence

of frequen t fsyncs or syncs. It also requires some

sophistication in selecting where to write.

3.4 Write Organization

W e ha v e not describ ed ho w LinLogFS organizes

the blo c ks within a segmen t, b ecause w e in tend to

c hange this (the curren t organization is not v ery ef-

�cien t). The basic constrain ts are

� It m ust b e p ossible to �nd all commit blo c ks

written to disk since the last roll-forw ard start

p oin t.

� If a commit blo c k is on disk, all previous com-

mit blo c ks (starting at the roll-forw ard start

p oin t) are on disk, to o.

� If a commit blo c k is on disk, all the data it

describ es are on disk, to o.

Note that there is no dep endence b et w een data

writes b elonging to di�eren t commit blo c ks, or b e-

t w een commit blo c k writes and data writes b elong-

ing to later commit blo c ks.

W e exp erimen ted with sev eral A T A and SCSI disks

(b y p erforming sync hronous user-lev el writes to the

partition device), and found some in teresting re-

sults:

W rite cac hing in the driv e can p erform writes to

disks out-of-order and has to b e disabled if w e w an t

to satisfy the dep endence constrain ts b y write or-

dering.

5

Without write cac hing, all disks w e mea-

sured lose a disk rev olution for eac h consecutiv e

write (tagged command queuing w on't help us when

w e ha v e to w ait for the ac kno wledgmen t of the

5

The disks w e measured only wrote out-of-order if the

same blo c k w as written t wice (in some cac hing windo w), but

there is no guaran tee that other disks b eha v e in the same

w a y nor that w e ha v e seen all cases of out-of-order writing.

data write (and previous commit blo c k write) b e-

fore starting the curren t commit blo c k write).

By placing the commit blo c k at some distance

(20KB in our exp erimen ts) b ehind the last data

blo c k, w e can write the commit blo c k in the same

rev olution and reduce the time un til the commit is

completed. This is useful in the case of frequen t

fsyncs. The blo c ks b et w een the data blo c ks and the

commit blo c k can b e used b y the next write batc h.

4 Curren t State and F urther W ork

Muc h of what w e ha v e describ ed ab o v e is still unim-

plemen ted. LinLogFS curren tly p erforms all the

usual �le system functions except reclaiming space.

It pro vides in-order seman tics (ev en in the presence

of fsync()). LinLogFS uses the roll-forw ard opti-

mization, but do es not use an y c hange records y et.

The only comp onen t missing to mak e LinLogFS

practically useful is the cleaner. Other features

that are still missing and will b e implemen ted in

the future are: cloning (including writable, clon-

able clones), c hange records for blo c k p oin ters, pin-

ning segmen ts con taining a �le do wn (for LILO),

fast up date of net w ork mirrors, e�cien t gro w-

ing/shrinking/migrating the v olume. W e are also

considering a v ersion of LinLogFS as a lo w-lev el

OBD driv er (see www.lustre.org and Section 8).

5 La y ering

5.1 Logging Block Device?

The di�erence b et w een traditional and log-

structured �le systems is mainly in blo c k writing.

Most other parts of the �le system (e.g., dealing

with directories or p ermissions) are hardly a�ected.

So w e �rst considered realizing the logging function-

alit y as a blo c k device driv er. W e decided against

this, b ecause:

� The blo c k device driv er in terface is not su�-

cien t to mak e a con v en tional �le system log-

structured without signi�can t c hanges in the

�le system (atomicit y for m ultiple blo c k writes,

crash reco v ery).

� A logging blo c k device driv er w ould in terfere

with other functionalit y implemen ted in the

blo c k device la y er (soft w are RAID).



snapshots or other features that are easily a v ail-

able in log-structured �le systems. Still, Episo de

[CAK

+

92 ] supp orts read-only clones, using blo c k-

lev el cop y-on-write.

Soft up dates [MG99 ] enhance BSD's FFS b y asyn-

c hronously writing in an order that ensures that

the �le system can b e safely moun ted after a crash

without b eing c hec k ed. They mak e FFS's writes

and crash reco v ery faster. McKusic k and Ganger

[MG99 ] also sho w ho w to do snapshots in a con-

v en tional �le system. While they address our main

motiv ations for dev eloping LinLogFS, their soft w are

do es not w ork under Lin ux, and w e b eliev e that

their solution is more complex to implemen t than

a log-structured �le system.

The logical disk [dJKH93 ] pro vides an in terface

that allo ws a log-structured la y er b elo w and an

adapted con v en tional �le system on top. The logical

disk translates b et w een logical and ph ysical blo c ks,

requiring considerable memory and long startup

times. In con trast, our logging la y er uses ph ysical

blo c k addresses and only a�ects writes.

The Lin ux logical v olume manager L VM 0.8�nal

supp orts m ultiple snapshot logical v olumes p er orig-

inal logical v olume. This allo ws making consisten t

bac kups for an y Lin ux �le system.

The ob ject based disk (OBD) part of the Lustre

pro ject (www.lustre.org) divides the �le system in to

a hierarc hical la y er on top, and a 
at la y er of �les at

the b ottom, lik e the la y ering presen ted in Section 2.

OBD allo ws inserting lo gic al obje ct drivers b et w een

these la y ers. In particular, there is a snapshot driv er

that uses cop y-on-write on the �le lev el. The in ter-

face b et w een the OBD la y ers is higher-lev el than

the in terface b et w een the LinLogFS la y ers. W e are

considering to ha v e a deriv ativ e of LinLogFS as the

lo w er la y er in OBD (curren tly a deriv ativ e of ext2fs

is used).

9 Conclusion

Log-structured �le systems o�er a n um b er of b en-

e�ts; one of the little-kno wn b ene�ts is in-order

write seman tics, whic h mak es application data safer

against OS crashes. LinLogFS is a log-structured

�le system for Lin ux. It is implemen ted b y adding

a log-structured la y er b et w een an adapted ext2 �le

system and the bu�er cac he. LinLogFS defers the

assignmen t of blo c k addresses to data blo c ks un til

just b efore the actual device write; it assigns tem-

p orary blo c k addresses to dirt y data blo c ks at �rst,

and �xes the addresses just b efore writing.

The curren t v ersion of LinLogFS w orks

on Lin ux 2.2 (v ersions for Lin ux 2.0

are a v ailable). Y ou can get it through

www.complang.tu wien.ac.at/czezatk e/lfs.h tml.
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