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Abstract

Zumastor pro vides Lin ux with a base set of

capabilities suited to medium scale net w ork storage

roles: liv e v olume bac kup, remote v olume replication,

user accessible v olume snapshots, remote v olume

replication, and in tegration with Kerb erized NFS and

CIFS. Ov erview of Zumastor capabilities, principles

of op eration, implemen tation and p erformance.

1 In tro duction

Lin ux has done quite w ell at the edges of corp orate

net w orks - w eb serv ers, �rew alls, prin t serv ers

and other services that rely on w ell standardized

proto cols - but has made scan t progress to w ards the

cen ter of the en terprise where w e �nd the shared

�le serv ers that de�ne the w ork�o w of a mo dern

organization. The barriers are largely tec hnical in

that Lin ux storage options fall short of in some areas

that are w ell addressed b y sp ecialized proprietary

o�erings, notably liv e �lesystem snapshot and bac kup

capabilit y .

Zumastor pro vides Lin ux with a base set of

capabilities suited to medium scale net w ork storage

roles: liv e v olume bac kup, remote v olume replication,

user accessible v olume snapshots, remote v olume

replication, and in tegration with Kerb erized NFS

and CIFS. Zumastor tak es the form of a set of

pac k ages that can b e added to an y Lin ux serv er

and will happily co exist with other roles that the

serv er ma y serv e. There are t w o ma jor comp onen ts:

the ddsnap virtual blo c k device, whic h pro vides

base snapshot and replication functionalit y , and
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the Zumastor v olume monitor, whic h presen ts the

administrator with a simple command line in terface

to manage v olume snapshotting and replication. W e

�rst examine the lo w lev el comp onen ts in order to

gain an understanding of the design approac h used,

its capabilities and limitations.

2 The ddsnap Virtual Blo c k

Device

The ddsnap virtual blo c k device pro vides m ultiple

read/write v olume snapshots. As opp osed to

the incum b en t lvm snapshot facilit y , ddsnap do es

not su�er from degraded write p erformance as

n um b er of snapshots increases and do es not require

a separate underlying ph ysical v olume for eac h

snapshot. A ddsnap virtual device requires t w o

underlying v olumes: an origin v olume and a snapshot

store. The origin, as with the lvm snapshot, is a

normal v olume in ev ery sense except that write access

is virtualized in order to protect snapshotted data.

The snapshot store con tains data copied from the

origin in in the pro cess of protecting snapshotted

data. Metadata in the snapshot store forms a btree

to map logical snapshot addresses to data c h unks in

the snapshot store.

The snapshot store also con tains bitmap blo c ks

that con trol allo cation of space in the snapshot store,

a list of curren tly held snapshots, a sup erblo c k to

pro vide con�guration information, and a journal for

atomic and durable up dates to the metadata. The

ddsnap snapshot store resem bles a simple �lesystem,

but with only a single directory , the btree, indexed

b y the logical address of a snapshot. Eac h leaf of

1



the btree con tains a list of logical c h unk en tries;

eac h logical c h unk en try in the btree con tains a

list of one or more ph ysical c h unk addresses; and

for eac h ph ysical c h unk address, a bitmap indicates

whic h snapshots curren tly share that ph ysical c h unk.

Share bits are of a �xed, 64 bit size, hence the

ddsnap limitation of 64 sim ultaneous snapshots. This

limitation will b e remo v ed in the future with a

redesign of the btree leaf format. It should b e noted

in passing that the curren t simple format has serv ed

w ell in that no bugs in btree leaf op erations emerged

during dev elopmen t, in spite of the logical subtlet y

in v olv ed.

Lik e the incum b en t lvm snapshot, ddsnap uses

a cop y-b efore-write sc heme where snapshotted data

m ust b e copied from the origin to the snapshot

store the �rst time the origin c h unk is written to

after a new snapshot. This can degrade write

p erformance mark edly under some loads. Keeping

this degradation to a tolerable lev el has already

motiv ated considerable design e�ort, and w ork

will con tin ue in this area. With the help of

sev eral optimization tec hniques discussed b elo w, a

satisfactory sub jectiv e exp erience is already attained

for the curren t application: serving net w ork storage.

Compared to the incum b en t lvm snapshot, the

ddsnap snapshot design requires more writes to

up date the metadata, t ypically �v e writes p er newly

allo cated ph ysical c h unk:

1. W rite allo cation bitmap blo c k to journal

2. W rite mo di�ed btree leaf to journal

3. W rite journal commit blo c k

4. W rite allo cation bitmap blo c k to store

5. W rite mo di�ed btree leaf to store

This up date sc heme is far from optimal and is lik ely

to b e redesigned at some p oin t, but for no w a cruder

approac h is adopted: snapshot metadata ma y b e

stored separately from the snapshot data prop er, in

NVRAM. Using this feature, snapshot p erformance is

somewhat b etter than the incum b en t lvm snapshot,

ho w ev er the size of the btree and hence the amoun t

of data that can b e stored in the snapshot store is

limited b y the amoun t of NVRAM a v ailable. F uture

w ork will relax this limitation.

Also lik e the incum b en t lvm snapshot, origin

read p erformance is nearly iden tical to nativ e read

p erformance, b ecause origin reads are simply passed

through to the underlying v olume.

2.1 Read/W rite Snapshots

Lik e lvm snapshots, ddsnap snapshots are read/write.

Sometimes the question is raised: wh y? Isn't it

unnatural to write to a snapshot? The answ er is,

writable snapshots come nearly for free, and they do

ha v e their uses. F or example, virtualization soft w are

suc h as Bo c hs, QEMU, UML or Xen migh t wish

to base m ultiple VM images on the same hard disk

image.

1

The cop y-on-write prop ert y of a read/write

snapshot giv es eac h VM a priv ate cop y in its o wn

snapshot of data that it has written. In the con text

of zumastor, a ro ot v olume could b e serv ed o v er

NFS to a n um b er of diskless w orkstations, so eac h

w orkstation is able to mo dify mo dify part of its o wn

cop y while con tin uing to share the unmo di�ed part.

2.2 Snapshot W rite P erformance

The presence of a relativ ely small amoun t of

non v olatile RAM in a serv er can accelerate write

p erformance in a n um b er of w a ys.

Once w a y w e use NVRAM in Zumastor is

for snapshot metadata. By placing snapshot

metadata in NVRAM w e reduce the cost of

writing to snapshotted v olume lo cations signi�can tly ,

particularly since ddsnap in its curren t incarnation is

not particularly careful ab out minimizing metadata

writes. Unfortunately , this also in tro duces limits the

maxim um size of the btree, and hence the amoun t

of snapshot data that can b e stored. This limit lies

roughly in the range of 150 gigab ytes of 4K snapshot

c h unks p er gigab yte of NVRAM. NVRAM is fairly

costly , so accommo dating a large snapshot store can

get exp ensiv e quic kly . Luc kily , a lot can b e done to

impro v e the compactness of the btree, ho w ev er that

is a sub ject for another pap er.

1

h ttp://en.wikip edia.org/wiki/Cop y-on-write
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Figure 1: W rite p erformance without NVRAM

2.2.1 E�ect of Ch unk Size and Num b er of

Snapshots on W rite P erformance

Figure 1) sho ws the e�ect of n um b er of curren tly

held snapshots on write p erformance and of v arying

the snapshot c h unk size. A t eac h step of the test,

a tar arc hiv e of the k ernel source is unpac k ed to a

new directory and a snapshot is tak en. W e see that

(except for the v ery �rst snapshot) the un tar time

is scarcely a�ected b y the n um b er of snapshots. F or

the smallest c h unk size, 4K, w e see that un tar time

do es rise v ery sligh tly with the n um b er of snapshots,

whic h w e ma y attribute to increased seek time within

the btree metadata. As c h unk size increases, so do es

p erformance. With a snapshot store c h unk size of

128KB, the un tar runs nearly three times faster.

2.2.2 E�ect of NVRAM on W rite

P erformance

Un tar time on the nativ e (Ext3) �lesystem is ab out

14 seconds. Figure 1sho ws that un tar time on the

virtual blo c k device with no snapshots held is ab out

20 seconds, or slo w er b y a factor of 1.43. This

represen ts the o v erhead of sync hronizing with the

snapshot serv er, and should b e quite tractable to

optimization. Snapshotted un tar time ranges from

ab out 3.5 times to nearly 10 times slo w er than nativ e

3



 0

 50

 100

 150

 200

 0  5  10  15  20

R
ea

l t
im

e 
(s

) 
to

 u
nt

ar
 k

er
ne

l

Number of Snapshots

Time to untar a kernel source tree vs Number of Snapshots

native:nvram:128k
native:nvram:16k

native:nvram:4k
native:nvram:64k

Figure 2: W rite p erformance with NVRAM

un tar time.

Figure 2sho ws the e�ect of placing the snapshot

data in NVRAM. W rite p erformance is dramatically

impro v ed, and as b efore, n um b er of snapshots has

little or no e�ect. In terestingly , the largest c h unk

size tested, 128KB, is no longer the fastest; w e see

b est p erformance with 64K c h unk size. The reason

for this remains to b e in v estigated, ho w ev er this is

go o d news b ecause a smaller c h unk size impro v es

snapshot store utilization. W rite p erformance has

impro v ed to ab out 2 to 5 times slo w er than nativ e

write p erformance, dep ending on c h unk size.

2.2.3 Filesystem Journal in NVRAM

F or �lesystems that supp ort separate journals, the

journal ma y b e placed in NVRAM. If the �lesystem is

further con�gured to journal not only metadata, but

data as w ell. This means that a write transaction can

b e signalled complete as so on as a write transaction

has b een en tered in to the journal, long b efore it is

�ushed to underlying storage. A t least un til the

journal �lls up, this will en tirely mask the e�ects

of slo w writes to the underlying v olume due to

snapshotting. The practical e�ect of this has not y et

b een measured.

2.2.4 NVRAM Journal compared to NFS

W rite Log

NVRAM is sometimes used to implemen t a NFS

write log, where eac h incoming NFS write is copied

to the write log and immediately ac kno wledged,

b efore b eing written to the underlying �lesystem.

Compared to the strategy of putting the �lesystem

journal in NVRAM, p erformance should b e almost

the same: in either case, a write is ac kno wledged

immediately after b eing written to NVRAM. There

4



ma y b e a small di�erence in the o v erhead of executing

a �lesystem op eration as opp osed to a p oten tially

simpler transaction log op eration, ho w ev er the

�lesystem co de in v olv ed is highly optimized and the

di�erence is lik ely to b e small. On the other hand, the

transaction log requires an additional data cop y in to

the log, lik ely negating an y execution path e�ciency

adv an tage. It is clear whic h strategy requires less

implemen tation e�ort.

2.2.5 Ongoing Optimization E�orts

A n um b er of opp ortunities for further v olume

snapshot write optimization remain to b e

in v estigated. F or example, it has b een theorized

that writing to a snapshot instead of the origin

can impro v e write p erformance a great deal b y

eliminating the need to cop y b efore writing. If read

p erformance from a snapshot can b e main tained,

then p erhaps it w ould b e a b etter idea to serv e

a master v olume from a snapshot than an origin

v olume.

3 V olume Replication

V olume replication creates a p erio dically up dated

cop y of a master v olume at some remote lo cation.

Replication di�ers from mirroring in t w o w a ys: 1)

c hanges to the remote v olume are batc hed in to

v olume deltas so that m ultiple c hanges to the same

lo cation are collapsed in to a single c hange and 2) a

write op eration on the master is not required to w ait

for write completion on the remote v olume. Batc hing

the c hanges also allo ws more e�ectiv e compression of

v olume deltas, and b ecause the c hanges are sorted

b y logical address, applying a delta to a remote

v olume requires less disk seeking than applying eac h

write to a mirror mem b er in write completion order.

Replication is th us suited to situations where the

master and remote v olume are not on the same

lo cal net w ork, whic h w ould exhibit in tolerable remote

write latency if mirrored. High latency links also tend

to b e relativ ely slo w, so there is m uc h to b e gained

b y go o d compression of v olume deltas.

Zumastor implemen ts remote replication via a t w o

step pro cess: 1) Compute di�erence list; 2) Generate

delta. T o generate the di�erence list for a giv en pair

of snapshots, the ddsnap serv er scans through the

btree to �nd all snapshot c h unks that b elong to one

snapshot and not the other, whic h indicates that the

data for the corresp onding c h unks w as written at

di�eren t times and is most probably di�eren t. T o

generate the delta, a ddsnap utilit y runs through

the di�erence list reading data from one or b oth of

the snapshots whic h is incorp orated in to the output

delta �le. T o allo w for streaming replication, eac h

v olume delta is comp osed of a n um b er of exten ts,

eac h corresp onding to some n um b er of con tiguous

logical c h unks.

A v ariet y of compression options are a v ailable

for delta generation. A "ra w" delta incorp orates

only literal data from the destination snapshot.

An "xdelta" delta computes the binary di�erence

b et w een source and destination snapshot. Ra w delta

is faster to generate and requires less disk IO, is faster

to apply to the target v olume, and is more robust in

the sense that the co de is v ery simple. Computing an

xdelta delta requires more CPU and disk bandwidth

but should result in a smaller delta that is faster to

transmit.

A v olume delta ma y b e generated either as a �le or

as a TCP stream. V olume replication can b e carried

out man ually using delta �les:

1. Generate a snapshot delta as a �le

2. T ransmit the delta or ph ysically transp ort it to

the do wnstream host

3. Apply the delta to the origin v olume of the

do wnstream host

It is comforting to b e able to place a snapshot

delta and to kno w that the replication algorithm

is easy enough to carry out b y hand, whic h

migh t b e imp ortan t in some sp ecial situation. F or

example, ev en if net w ork connectivit y is lost, v olume

replication can still b e carried out b y ph ysically

transp orting storage media con taining a delta �le.

Zumastor uses ddsnap's streaming replication

facilit y , where c hange lists and delta �les are nev er

actually stored, but streamed from the source to

5



Figure 3: Delta Compression E�ectiv eness

target host and applied to the target v olume as a

stream. This sa v es a p oten tially large amoun t of disk

space that w ould b e otherwise b e required to store a

delta �le on b oth the source and target host.

F rom time to time it is necessary to replicate

an en tire v olume, for example when initializing a

replication target. This abilit y is pro vided via a

"full v olume delta" that generates a ra w, compressed

delta as if ev ery logical c h unk had app eared in the

di�erence list. Inciden tally , only the metho d of delta

generation is a�ected b y this option, not the delta �le

format.

T o apply a v olume delta, ddsnap o v erwrites eac h

c h unk of the target v olume with the new data

enco ded in the delta in the case of a ra w delta, or

reads the source snapshot and applies the binary

di�erence to it in the case of xdelta. Clearly , it

is required that the source snapshot exist on the

do wnstream host and b e iden tical to the source

snapshot on the upstream host.

T o create the initial conditions for replication:

1. Ensure that upstream and do wnstream origin

v olumes are iden tical, for example b y cop ying

one to the other

2. Snapshot the upstream and do wnstream v olumes
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The need to cop y an en tire v olume o v er the net w ork

in the �rst step can b e a v oided in some common cases.

When a �lesystem is �rst created, it is easy to zero

b oth upstream and do wnstream v olumes, whic h sets

them to an iden tical state. The �lesystem is then

created after step 2. ab o v e, so that relativ ely few

c hanged blo c ks are transmitted in the �rst replication

cycle. In the case where the do wnstream v olume

is kno wn to b e similar, but not iden tical to the

upstream v olume (p ossibly as a result of an earlier

hardw are or soft w are failure) then the remote v olume

di�erencing utilit y rdi� ma y b e used to transmit a

minimal set of c hanges do wnstream.

No w, for eac h replication cycle:

1. Set a new snapshot on the upstream v olume

2. Generate the delta from old to new upstream

snapshot

3. T ransmit the delta do wnstream

4. Set a new snapshot on the do wnstream v olume

(do wnstream origin and new snapshot are no w

iden tical to the old upstream snapshot)

5. Apply the delta to the do wnstream origin

(do wnstream origin is no w iden tical to the new

upstream snapshot)

F or the streaming case, step 4 is done earlier so that

the transmit and apply ma y iterate:

1. Set a new snapshot on upstream and

do wnstream v olumes

2. Generate the delta from old to new upstream

snapshot

3. T ransmit the next exten t of the delta

do wnstream

4. Apply the delta exten t to the do wnstream origin

5. Rep eat at 3 un til done

F or streaming replication, a serv er is started via

ddsnap on the target host to receiv e the snapshot

delta and apply it to the do wnstream origin.

F ortunately for most users, all these steps are

handled transparen tly b y the Zumastor v olume

manager, describ ed b elo w.

Multi lev el replication from a master v olume to a

c hain of do wnstream v olumes is handled b y the same

algorithm. W e require only that t w o snapshots of the

master v olume b e a v ailable on the upstream v olume

and that the older of the t w o also b e presen t on the

do wnstream v olume. A v olume ma y b e replicated to

m ultiple targets at an y lev el in the c hain. In general,

v olume replication top ology is a tree, with the master

v olume at the ro ot and an arbitrary n um b er of target

v olumes at in terior and leaf no des. Only the master

is writable; all the target v olumes are read-only .

3.1 Delta Compression

Compression of delta exten ts is a v ailable as an

option, either using zlib (gzip) or in the case of

xdelta, an additional Hu�man enco ding stage. A

compressed xdelta di�erence should normally b e

more compact than gzipp ed literal data, ho w ev er,

one can construct cases where the rev erse is true.

A further (extra v agan t) "b est" compression option

computes b oth the gzip and xdelta compression for a

giv en exten t and use the smaller for the output delta.

Whic h com bination of delta generation options is b est

dep ends largely on the amoun t of net w ork bandwidth

a v ailable.

Figure 3 on the preceding page illustrates the e�ect

of v arious compression options on delta size. F or this

test, the follo wing steps are p erformed:

1. Set snapshot 0

2. Un tar a k ernel tree

3. Set snapshot 1

4. Apply a (large) patc h yielding the next ma jor

k ernel release

5. Set snapshot 2

Three delta �les are generated, the t w o incremen tal

deltas from snapshot 0 to snapshot 1 and from

snapshot 1 to snapshot 2, and the cum ulativ e delta

from snapshot 0 to snapshot 2. W e observ e a v ery
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large impro v emen t in delta size, ranging up to a factor

of 10 as compared to the uncompressed delta.

XDelta p erforms considerably b etter on the

snapshot 1 to snapshot 2 delta, whic h is not

surprising considering that this delta captures the

e�ect of c hanging man y �les as opp osed to adding

new �les to the �lesystem, so it is only on this delta

that there are man y opp ortunities to tak e adv an tage

of similarit y b et w een the t w o snapshots.

The �b est� metho d signi�can tly b etter compression

on the snapshot 1 to snapshot 2 delta, whic h indicates

that some delta exten ts compress b etter with gzip

than they do with xdelta. As p oin ted out b y the

author of xdelta, this ma y b e due to sub optimal use

of compression options a v ailable within xdelta.

Delta compression directly a�ects the time

required to transmit a delta o v er a net w ork. This

is particularly imp ortan t when replicating large

v olumes o v er relativ ely lo w bandwidth net w ork links,

as is t ypically the case. The faster a delta can b e

transmitted, the fresher the remote cop y will b e. W e

can talk ab out the �c h urn rate� of a v olume, that is,

the rate at whic h it c hanges. This could easily b e

in the neigh b orho o d of 10% a da y , whic h for a 100

gigab yte disk w ould b e 10 gigab ytes. T ransmitting

a delta of that size o v er a 10 megabit link w ould

require 10000 seconds, or ab out three hours. An

800 gigab yte v olume with 10% c h urn a da y w ould

require more than a da y to transmit the delta, so

the follo wing delta will incorp orate ev en more than

10% c h urn, and tak e ev en longer. In other w ords,

once replication falls b ehind, it rapidly falls further

and further b ehind, un til ev en tually nearly all the

v olume is b eing replicated on eac h cycle, whic h for

our example will tak e a rather incon v enien t n um b er

of da ys.

In summary , go o d delta compression not only

impro v es the freshness of replicated data, it dela ys

the p oin t at whic h replication lag b egins to feed on

itself and enables the replication of larger, busier

v olumes o v er lo w er sp eed links.

3.2 NFS Snapshot Rollo v er

Exp orting a replicated v olume via NFS sounds easy

except that w e exp ect the �lesystem to c hange

state "sp on taneously" eac h time a new v olume delta

arriv es, without requiring curren t NFS clien ts to

close their TCP connections. T o create the e�ect

of jumping the �lesystem from state to state as if

someb o dy had b een editing the �lesystem lo cally , w e

need to unmoun t the old snapshot and moun t the

new snapshot so that future NFS accesses will b e to

the new snapshot. The problem is, the Lin ux serv er

will cac he some elemen ts of the clien t connection

state suc h as the �le handle of the �lesystem ro ot,

whic h pins the �lesystem and prev en ts it from b eing

unmoun ted.

Zumastor solv es this problem b y in tro ducing a nfsd

susp end/resume op eration. This �ushes all cac hed

clien t state whic h forces the use coun t of the exp orted

�lesystem snapshot to one, the moun t p oin t. This

allo ws the old snapshot to b e unmoun ted and the

new snapshot to b e moun ted in its place, b efore

resuming. In terestingly , the patc h to accomplish this

is only a few lines, b ecause most of the functionalit y

to accomplish it already existed.

3.3 Incremen tal Bac kup using Delta

Files

Ddsnap delta �les are not just useful for replication,

they can also b e used for incremen tal bac kup.

F rom time to time, a �full v olume� delta �le can

b e written to tap e, follo w ed p erio dically b y a

n um b er of incremen tal deltas. This should ac hiev e

v ery rapid bac kup and economical use of tap e

media, particularly if deltas are generated with more

aggressiv e compression options. T o restore, a full

(compressed) v olume m ust b e retriev ed from tap e,

along with some n um b er of delta �les, whic h are

applied sequen tially to arriv e at a v olume state as

some particular p oin t in time. Restoring a single

�le w ould b e a v ery slo w pro cess, ho w ev er it is also

exp ected to b e a rare ev en t. It is more imp ortan t

that bac kup b e fast, so that it is done often.

4 Zumastor v olume monitor

The Zumastor v olume monitor tak es care of most

of the c hores of setting up virtual blo c k devices,
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including making so c k et connections b et w een the

ddsnap user space and k ernel comp onen ts, creating

the virtual devices with dmsetup, organizing moun t

p oin ts and moun ting v olumes. It main tains a simple

database implemen ted as a directory tree that stores

the con�guration and op erating status of eac h v olume

on a particular host, and pro vides the administrator

with a simple set of commands for adding and

remo ving v olumes from the database, and de�ning

their op erational con�guration. Finally , it tak es

care of sc heduling snapshots and initiating replication

cycles.

The Zumastor v olume database is organized

b y v olumes, where eac h v olume is completely

indep enden t from the others, not ev en sharing

daemons. Eac h Zumastor v olume is either a master

or a target. If a master, it has a replication sc hedule.

If a target, then it has an upstream source. In either

case, it ma y ha v e an y n um b er of replication targets.

Eac h replication target has exactly one source, whic h

prev en ts cycles and also allo ws automatic c hec king

that the correct source is replicating to the correct

target.

The replication top ology for eac h v olume is

completely indep enden t. A giv en host ma y o�er

write/write access to v olumes that are replicated

to other hosts and read-only access to v olumes

replicated to it from other hosts. So for example,

t w o serv ers at widely separated geographic lo cations

migh t eac h replicate a v olume to the other, whic h not

pro vides a means of sharing data, but also pro vides a

signi�can t degree of redundancy , particularly if eac h

serv er bac ks up b oth its o wn read/write v olume and

the replicated read-only v olume to tap e.

The replication top ology for eac h v olume is a

tree, where only the master (ro ot of the tree)

b eha v es di�eren tly from the other no des. The

master generates snapshots either p erio dically or on

command. Whenev er one of its target hosts is ready

to receiv e a new snapshot delta, the master creates a

new snapshot and replicates it to the target, ensuring

that the do wnstream host receiv es as fresh as p ossible

a view of the master v olume. On all other hosts,

snapshot deltas are receiv ed from an upsteam source

and simply passed along do wn the c hain.

Zumastor replication is in tegrated with NFS in

the sense that Zumastor kno ws ho w to susp end NFS

while it remoun ts a replicated v olume to the latest

snapshot, e�ecting the snapshot rollo v er describ ed

ab o v e.

5 The F uture

In the future, Zumastor will con tin ue to gain

new functionalit y and impro v e up on existing

functionalit y . It w ould b e nice to ha v e a graphical

fron t end to the database, and a w eb in terface. It

w ould b e nice to see the state of a whole collection of

Zumastor serv ers together in one place, including the

state of an y replication cycles in progress. It w ould

b e natural to in tegrate more v olume managemen t

features in to Zumastor, suc h as v olume resizing.

Zumastor ough t to b e able to mirror itself to a

lo cal mac hine and fail o v er NFS service transparen tly .

Zumastor should o�er its o wn incremen tal bac kup

using delta �les. Another creativ e use of delta �les

w ould b e to o�er access to �nearline� snapshots,

where a series of arc hiv ed rev erse deltas are applied to

go bac k further in time than is practical with purely

online snapshots.

There is still plen t y of ro om for p erformance

optimization. There is a lot more that can b e done

with NVRAM, and things can b e done to impro v e the

p erformance without NVRAM, p erhaps making some

of Zumastor's replication and bac kup capabilities

practical for use on normal w orkstations and the

c heap est of the c heap serv ers.

All in all, there remains plen t y of w ork to do and

plen t y of motiv ation for doing it.
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