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Abstract Cluster-based, scalable services address some of the
sources of performance variability [6,8,26]. In this ap-
The performance of distributed services is becomingp][or?g::’h?ﬁer\sl'Cesv?]r:ndgpé?r/\e/iieondiié'g\?élé Cr?;:\llf/dlgclal:fteitr
mcreasmglly vanak;le due to changhlng Ioadhpatternbsl anC?eplicates its-elf elsewhere on the cluster, and the en,try
user mobility. The two approaches to this problem, " . i :

: .. point to the cluster redirects requests for load balancing.
cluster-based, scalable services and peer Crlepllcatlo his technique is effective Wheqn the end service is thge
solve only part of the problem. Cluster-based service L
deal only with end-service variability, while peer repli- SgﬁgLer}ﬁCkﬁe?vl;grﬁO::mgzt d:%?ruess; ;aégl?;“ty caused by
cation compromises safety and precludes the ability to ging Y-

offer bounds on consistency of updates. We propose In contrast to this server-based approach, autono-
fluid replication automatic creation of replicas where mous, peer-replicated systems place the responsibility for
and when they are needed, as a solution to this problenreplication with clients [13,18,36]. Each client caches a
In this paper, we present our mechanisms for findingsubset of the data in which it is interested, and operates
replica sites, balancing consistency and performance, andn that local cache. When peers encounter one another,
maintaining client consistency when changing replicas. they exchange updates.

. Peer-replicated systems address network- and mobil-
1. Introduction ity-induced variations in performance, but introduce

As distributed services scale, their performance be-Other problems. Update propagation depends on user
comes increasingly unpredictable. There are three regOPility patterns, and these are outside of system con-
sons for this. First, aggregate user interests tend tdf©- Therefore, one cannot offer bounds on update con-
change rapidly and unpredictably, placing varying de- Ergence or consistency. Further, when a client overruns
mands on services. Second, changing patterns of ddtS local caching resources — a possibility on light-
mand in the underlying network also lead to variable WEI9Nt, low power devices — it must fall back to its
performance, even if the demand for the service itself haQriginal, remote service, Wh'.Ch may be expensive to
not changed. Third, users are becoming increasinghf€ach. Finally, client machines arecessarily less
mobile; as they move, the costs of accessing their set gfustworthy than services [15], as they do not enjoy the
preferred services change. same administrative diligence. Hence, updates that are

~stored only on clients are more vulnerable to loss com-
Unfortunately, users have little tolerance for varia- pared to those stored on a server.

tions in service time [33]. To provide more consistent . .
response, a service must address each of these causes, OUr 90al is to provide the safety and bounded con-
One way to do so is througieplication of the service ~ SIStency of server-based approaches with the perform-
and its data in response to changing user demands a ce anq efflcacy of chent-base;d scher_nes. We propose
resource availability. This can increase system capacity/Uid replication — the automatic creation of replicas
decrease dependence on congested resources, or both. Where and when they are most needed — as a way to
provide these properties. In fluid replication, clients
Manual administration of replicas is clearly not up to monitor their observed performance in interacting with
the task, though it presents useful heuristics one mighthe service. When performance becomes poor through
employ. For example, one might place replicas on eithelincreased network load or client mobility, a replica is
side of a slow network link [31]. Unfortunately, people created to reduce the dependence upon the poor network
are simply too slow to keep pace with the rapid changesgath. Central to this approach is the WayStation: a serv-
in demand for resources. Furthermore, administrator§ce node on which a replica may be created. We view
often dedicate resources to transient trouble spots; afuid replication as a complementary approach to cluster-
load decreases, those resources are not reclaimed. based services; the former deals with network-induced
performance problems, while the latter addresses end-
service problems.



Fluid replication has the potential to provide several more advantageous location. Service time might be
tangible benefits. It enables the automatic allocation ofjudged unaceptable for two reasons. First, server-side
network resources, balancing them to offered load at finedelays may increase due to server load. In that case, the
grain through local, autonomous decisions. It hides perbest location at which to place new capacity is near the
formance problems endemic to large scale systems witloverloaded service; existing cluster-based solutions do
a wide range of capabilities and many mobile users.precisely this. Second, the costs to communicate with
These benefits accrue without unduly sacrificing consis-remote services might increase. In reaction to such in-
tency, leaving updates vulnerable to loss, or limiting thecreases, the affected client must creaenaote replica
ability to offer bounds on update propagation.

Client Server
There are several challenges that must be met to pro; :

vide fluid replication. First, one must have a way to de-
cide that a new replica is needed, and a mechanism to
select a WayStation on which to host it. Once a replica
is established, one must balance the consistency and per- :
formance seen when using that replica. Finally, one
must reclaim WayStation resources in a way that pre-
serves the consistency properties that clients expect.
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2. Impact of Networking Costs

To demonstrate the potential impact of increased
netwquing costs on common distributed ser\_/ices, We  Figure 1: Timing Client/Server Interactions
examined the impact of latency and bandwidth con-
straints on a small distributed file system workload. In A client measures the elapsed time between the issu-
this experiment, an NFS [30] file server stored a smallance of a request to receipt of its response. Services
source tree that was compiled by a client. These two aréeasure the elapsed time from receipt of a request to
connected to each other through a host capable of neissuance of its response, and include this measure in the
work trace modulation — the delaying of packets ac-response. Reporting server-side time allows clients to
cording to a simple model of network performance [25]. consider networking costs independently of service
The client Comp”ed the source tree, Storing Objects Onvariations. Figure 1 illustrates these measurements.
the server, over four different networking scenarios: un-Note that only elapsed times at a single host are meas-
modulated 10Mb/s Ethernet with negligible latency, ured. Therefore, clocks need not be synchronized, but
10Mb/s with 20 ms latency, 100Kb/s with negligible for server-side and end-to-end costs to be comparable,

latency, and 100Kb/s with 20 ms latency. they must run at roughly similar rates.
These observations serve two purposes. First, they
| 10Mb/s 100Kb/s are used to establishkmseline the performance that a
<lms 193 sec (3.0) 303 sec (3.2) client expects under normal circumstances. Second, cli-
20 ms 986 sec (2.2) 1071 sec (2.8) ents use recent obsations to derive a current estimate
of the costs to access a service, and compare that against
Table 1: Network Impact on NFS Benchmark their baseline expectations.

The results of this experiment are shown in Table 1.  Networking costs are divided into latency and band-
Each cell shows the average running time over five trialswidth.  Where available, clients may also track loss
with standard deviations reported in parentheses. NFgneasurements. However, not all services expose loss
was specifically designed for local area networks, and itinformation; services that use reliable transport mecha-
is not particularly frugal in its use of them. Even so, thenisms such as TCP or RPC coerce lost packets to high
impact of moderately poor networking performance, latency, low throughput, or both.
particularly latency, is severe. Rather than forcing a re-
design of NFS to cope with such environments, fluid
replication admits the possibility of eliminating poor
network performance from the critical path.

To derive a model of these costs, clients must take
into account size of requests, size of response, and total
round trip time. By using sequences of observations,
weighted over time, clients can build a model of these
o costs with associated uncertainties. This estimation
3. Monitoring Network Performance model is best provided as a middleware layer that clients

. L : . . of common request-response protocols can use.
Fluid replication is a reactive mechanism. It moni-

tors the performance of remote services, and when it Baseline metrics are established through the low-
becomes poor, the system reacts by creating a replica inwater marks of long-term observations. The intuition



behind this is that the baseline measure should characFhe gains on each of these filters are set to 1/8. Their
terize the best available service in order to determineoutputs are scaled to one another, and given equal weight
what performance is acceptable. While it is unclear howin setting the overall gain.

often a particular client might see ideal service, one

would expect the distribution to have a long tail, with a 3.2 Explicitly Exposing Variance

cluster of observations near the ideal. Once baselines are

established, one can place bounds beyond which per- For some services, variable performance has an im-
formance would be declared poor. pact similar to consistently poor performance. This will

o ) be especially true for those services that interact with
Accurately estimating network performance is an ex-ysers. These services may wish to replicate to avoid

tremely difficult problem. This is particularly true for \griance, even if the average behavior is acceptable.
hosts that are far apart in terms of network topography,

as traffic between them shows significant variability =~ TO account for such services, we explicitly expose
[27]. Ideally, a good estimator of network performance the metric describing observation stability. This is simi-
would be bothagile as well asstable. An estimator is  lar to TCP's use of both RTT estimates and deviation in
agile if it reacts quickly to true changes in network per- calculating retransmission timeout intervals.

formance. An estimator is stable if it does not track tran-

sient changes in performance. 4. Finding a WayStation

We are approaching the problem of agile, stable es- \when a client discovers that it might benefit from
timation from two directions. First, we implicitly ac- replica creation, it must find a WayStation that is close
count for variance by puttlng less faith in individual ob- enough to provide that benefit. The performance pa-
servations whenecent obsemtions have not been sta- rameters provided by the estimator, combined with the
ble. Second, we explicitly report variance along with expected gains from replication for a particular service,
estimates, so that it can be taken into account by algopound how far a WayStation can usefully be. We plan to

rithm responsible for making replication decisions. have clients find WayStations within this limit by a proc-
o _ _ ess calledlistance-based discovery cost-limited multi-
3.1.Implicitly Accounting for Variance cast issued by a client in search of a replica site.

Our basic approach is to provide a low-pass filter on ~ WayStations are under the administrative control of
the estimations, much as TCP does in estimating roundheir owners, and are assumed to be managed as if they
trip times [17]. The general form of such a filter is: were servers for that domain’s user population. WaySta-

tions will most often provide replica services to users

En :“O+(l_“)En—l within that population, though they can serve mobile
. . . sers who are visiting that domain. Servicing such users
e e o, TonStepends on baing abie 1o auhenicate them as vald
: ' ) ) ) Misitors, and users must also establish their trust in Way-
o is thegain. It determines how muchllnfluence the cur- Stations; one could use a public-key infrastructure [14]
rent observation has over the new estimate. to provide for this capability. Taken together, the Way-

Like TCP, our estimators report both the output of Stations form a confederation of cooperative servers.
this filter along with some measure of variance. How- In our model, WayStations belong to a particular

ever, unlike TCP's RTT estlr_nator., which uses a C.o.nStaanulticast group, and announce their presence to routers
gain, we vary the gain to bias either tpwardg agility or through IGMP advertisement [7]. A distance-based
stability. The method we use to assign gain DOMOWSy, icast to this group gives latency and bandwidth lim-
from Kalman filters [10], which are more commonly " \when a router sees such a multicast, it forwards it
used in communications and controls. across links that have advertised recipients for that mul-

If past observations have been relatively stable, it isticast group, but will not cause the declared limits to be
likely that they reflect the true state of the network be-exceeded. In order to support distance-based discovery,
tween client and server. Since such observations argouters must estimate the costs — latency and bandwidth
very accurate, one would increase the gain for the next— to traverse the links to each of their neighbors.
observation accordingly. However, if past estimations | yrency is an additive cost, but bandwidth is limited
have been accurate predictors of future observations,

hen th b o has | 4d. and th only by the slowest link along the path. Therefore, as
then the current observation has less to add, and the gay, cyets are forwarded the expected latency is subtracted
should be decreased. We measure stability of observ

. : . : rom the recorded latency limit. The recorded bandwidth
tion with a low-pass filter on the difference between CON- limit is left unchanged, but routers record the minimum

secutive observed values. ~Accuracy of prediction iSpanqgyidth of any traversed link. Any process that re-
similarly measured with a low-pass filter on the differ-

ence between an observation and its predicted values.



ceives a cost-limited multicast is given total latency and  We plan to build a prototype of this mechanism along
minimum bandwidth of the traversal. with simple heuristics to measure the costs between

. . : . routers. Layering this capability atop network technolo-
Figure 2 illustrates distance-based discovery. Boxes ies such as ATM that provide flow control is straight-

L%Zt[e;g:;shgséiss;cg\r/gres erké?scﬁgsé I;,[Z ig'gn%;sgfagg orward; one can use the flow control messages to esti-
yPp Y 'mate latency and provide bounds on the available

Iél;ec?ﬁ/oﬁfg:n?Lenseirea%vs?hg? aeraecgs%rrﬁéﬁgg tirﬁeagg'tglrﬁiroughput. Other interconnects will have to insert probe
P P Y essages to provide latency bounds, and use traffic

the requested bounds, and forwards along other Imk.s'monitoring mechanisms such as Cisco's NetFlow [29] to

The heav!ly-'shaded boxes are the two hosts that recelVEstimate the bandwidth available along each of its links.
this cost-limited request.

5. Using a Replica

After selecting a WayStation, the client asks it to cre-

20 10 ate a replica of the service in question. This involves no
10 data copying; the replica is populated lazily. However,
5 the WayStation must inform the home service that the
10 12 replica is being created. The home service uses this in-
Qf*f” formation to set up any state that it will need to manage

replica consistency. Logically, each WayStation forms a
two-way replica with the home service; the service itself
manages the issues of multi-site, dynamic replication.

Distance-based discovery has several desirable prop-  ager establishing a replica on a WayStation, the cli-
erties. First, routing decisions are made based on purel¥.: directs all of its read and write requests to it. If a

Iocal' information._ Only the observations of data sent ar,‘dread request arrives that cannot be satisfied, the WaySta-
received from neighbors are needed for a router to decidgqy, fetches the relevant data from the remote service on
whether to prune or forward a request. Second, SiNCamand. |If there is known locality in the access pattern,
each router estimates and applies costs mdependgntl he WayStation can exploit it by prefetching data where
clocks between routers do not need to be synchronize ppropriate. For example, if a file system client asks for

Third, messages are only routed to nodes that are Withirghe first block of a file, the WayStation may asynchro-

requested bounds. This is unlikely when using the time+, gy fetch the rest, as it is likely to be needed soon [1].

to-live field to limit hop counts as an approximation of \jtes are sent from the client to the WayStation as
communication costs, since hop limits must be liberal to, 5. a1 put may not be reflected back to the home serv-
find all candidates. One way to avoid liberal hop limits ;.o immediately, depending on the consistency policy.

is to use arexpanding ring searc[84], starting with low  heqe writes form a virtual log at the WayStation.
time-to-live values and increasing them to find a candi-

date. Unfortunately, there are potentially many wasted The key to good performance in fluid replication is
(albeit short) round-trips in such a scheme. choosing the appropriate consistency policy. The client
created the replica in response to finding itself far from
its home service. Distance-based discovery placed this

ice it wishes to replicate in addition to cost bounds. A gpjica close to the client, and therefore the replica is also
WayStation that eceives this query respopds with 't.s very likely to be far from the home service. Substantial
own name, the observed cost to reach this WayStation,, - unication between the WayStation and remote
and whether or not that service already exists on thegrvice would be the limit on performance.

WayStation. The client can then select the closest Way-

Station, giving preference to any that have already begun Consistency mechanisms can be described along two
to populate the requested replica, taking advantage oflifferent dimensions: the strength of guarantees provided
potentially hot caches. by the mechanism and the frequency with which those

. ) guarantees established. The latter is calledréptica
Of course, networking costs to reach WayStations argpaintenance interval Together, these two define the

only part of the picture; the load on that WayStation is,yay in which clients perceive the consistency of objects.
also of concern. There are two ways one might deal with

this. First is to allow each WayStation to benefit from  As a side effect of maintaining consistency, fresh
cluster-based replication, isolating the problem of servicecopies of data migrate from replica to replica. Schemes
load from that of network load. Second, one can incor-can be further classified by how aggressively they
porate service load and network costs into a single metpropagate data, and whether or not clients offer hints as
ric. However, doing so would be quite complicated. to how data should be propagated. Issues of data propa-
gation do not have any impact on the perceived consis-

Figure 2: Distance-Based Discovery (limit 30)

The discovery packet contains the name of the serv



tency of objects, only on the performance of using thatsimistic replicas will perform compared to direct use of
data. Services specify a default consistency policy forthe remote service.

the data they provide, but clients can choose to weaken
or strengthen that policy based on th.elr needs. . ThereWayStation Server WayStation Server | WayStation Server
fore, the system must handle conflicting consistency

. s . G e

mechanisms within a replica set. e o ii]
577 5 577
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5.1. Strength of Guarantee — — -
N NN N

There are three different strengths of guarantee that

fluid replication provides. The simplest, and least pow- k‘ . Q . Q
erful, islast-writer. In last-writer, no effort is made to
CONFLICT B

ensure that conflicts do not occur, nor are conflicting k\ N\
(a) last-writer (b) optimisitc (c) pessimistic

2

updates detected. Instead, during replica maintenance,
each replica notifies the other of any stale objects. If one
replica has modified a stale copy, that modification may
supercede the intervening update from another site; the Figure 3: Comparing Consistency Guarantees
order in which conflicting updates are applied is unde- i . .
fined. Each last-writer replica maintains an update log.  Figure 3 illustrates the difference between the three
This is used to decide what changes need to be reflectegPnSistency guarantees. In each figure, a WayStation
at a replica’s peer, avoiding a full replica scan during and a remote service see concurrent requests to modify
consistency maintenance. Last-writer consistency is€ Same object. The topmost boxes are the object in its
useful for services that do not offer a strict notion of con-©riginal state. The striped and solid boxes are new ver-
sistency, such as the Web [7] or NFS. For example, disSions of that object, updated at the WayStation and
semination of soft-state updates [8], or software releaseS€rver respectively. In last-writer semantics, either up-
can be handled trivially and efficiently with this mecha- date might take precedence over the other; the client
nism. It can also be useful in settings where updates ar@h0se write is lost will never be notified of that fact. In
used primarily as hints [21]. optimistic semantics, the conflicting update is allowed to
_ o occur, but the object is marked in conflict when update
The next strongest consistency guaranteptsnistic  |ogs are exchanged. Pessimistic semantics prevents the
[13,18]. In optimistic consistency, no effort is made to conflicting update, but at a performance cost; the second
prevent inconsistent operations. However, inconsisteninutator is forced to wait for the first to complete.
updates are reliably detected and not allowed to propa- . . o ) L
gate further. This guarantee is useful for common file A central issue in providing last-writer or optimistic
system tasks, or any other workload where the incidencéePlication is the size of update logs. Each node must
of write-sharing between users is rare. retain all log entries that mention updates that another
replica has not yet seen. Such log records are necessary
Optimistic replica sites maintain update logs, for update propagation in last-writer and optimistic
stamped with logical clock time [20]; each cached objectschemes, and are also used for conflict detection for op-
retains its |Ogica| last-modified time. During ConSiStency timistic rep“cas_ However, there are two classes of op-

maintenance, the WayStation sends its log to the remot@mizations that can be made; both depend on the notion
service, which compares the two logs, using the logicalof areplica interval

timestamps to check for serializability. Serializable op- i )

erations are applied. If an operation is judged to be non- L€t W be a WayStation that holds a replica from
serializable, the service checks to see if the operation caf€rver S. From W's creation until its destruction, it in-
be resolved with either knowledge of the data structurel€racts with S on k separate occasions, at times Ti.

or by application-provided code [19]. If this is impossi- A WayStation's replica intervals are the k-1 periods be-
ble, the object is marked in conflict. Conflicting objects tWeen any two interactions; a service's replica intervals
must be resolved by hand before they can be used. are defined as th(_a perlods_ betwegn any two |nte(actlons
from any WayStations holding replicas of that service.

The final consistency level igessimistic. In pessi- ! S -
mistic, or strict, consistency, all operations are guaran- 1he first class of log optimizations are the elimina-
teed to be serializable. This guarantee is provided byion of redundant or self-canceling sets of operations
requiring a replica that wishes to update an object to first¥ithin a replica interval [18]. Redundant operations in-
acquire exclusive access to that object. This is similar t-lude updates to the same object; only the last update
the consistency model provided by Sprite [1]. The per_need be maintained. SeIf-canqumg operations are simi-
formance benefits of pessimistic consistency in fluid lar- For example, suppose a file is created and then de-
replication are derived from locality inceess patterns; |6t€d within a replica interval; from any other observer’s
the more locality shown by update traffic, the better pes_p0|nt of view, it is as if those updates never occurred.



The second class of optimization is truncating a log’'saccess patterns. When applications have some special
stable prefix removing the log entries that are known to knowledge of data access patterns, they can offer hints
be unnecessary from now on. For a WayStation, theby tagging data with expected migration patterns, similar
stable prefix of the log is the portion before the last inter-to the annotations offered by Munin [4]. As with selec-
action with the remote service. For the service, the station of maintenance interval, the decision of whether to
ble prefix is defined as the portion of the log known to invalidate or propagate depends on information from the
all replicas. It is the latest point of the log that is beforeremote service and the WayStation. This allows the
the most recent interactions from all replicas. Becausepropagation of data to be done strictly for performance
all replicas are known to the service, it is easy to deter+easons, and need not impact the performance along the
mine the stable prefix. critical path of any clients.

5.2.Frequency of Guarantee 5.4.Handling Mechanism Conflicts

Pessimistic consistency must be performed aggres- The default consistency scheme for data is chosen by
sively, prior to each update. However, optimistic and the home service based on service semantics and ex-
last-writer schemes can vary the frequency with whichpected data access pattern. However, clients that use
they exchange updates. This frequency is controlled inWayStation replicas can ask for different consistency
concert by the WayStation and remote service. Sincanechanisms when appropriate. Each set of WayStations
each WaysStation interacts only with the remote servicewith the same strength of guarantee formasistency
we can provide bounds on update propagation by reclass Thus, each replica set can have three replica
stricting the interval appropriately. classes: last-writer, optimistic, and pessimistic semantics.
This allows WayStations to degrade their class when

Therg are two considerations in selectlng. an eX-stronger guarantees are too expensive to provide. It also
change interval. As update rates at the WayStation or thglows a client to provideession semantid85] when

remote service increase, updates should be exchange anging from one WayStation to another: this is de-

more frequently to reduce the chance of seeing stale datécribed in more detail in Section 6

or producing inconsistent updates. However, as the net-
work path between replica sites degrades, one might When conflicts arise between replica classes, the
wish to defer exchanging updates to benefit from theirstronger guarantee prevails. For example, a replica with
locality [1,18]. The degenerate case — infinite time to a last-writer class and a pessimistic class will always
exchange — can be used for data known to be read-onlyguarantee that the pessimistic class’ updates supercede
or data for which updates are not shared, such as mirrathose of the last-writer class. This preserves stronger
sites. How to best balance these concerns is an opeguarantees by placing the burden of dealing with incon-
guestion, and one we are actively exploring. sistency with weaker classes, where it is already deemed

The chief pitfall in selecting a replica maintenance acceptable.

interval is scalability. Because all WayStations are repli-  One question is whether or not each class must fur-
cas of the remote service, that service must see all afher divide itself; for example, should isolated groups of
their updates. However, without fluid replication, each WayStations use strict consistency within them, but
service would be dealing with clients directly. Since weaker consistency between them. This can only be
multiple clients may use the same WayStation for up-answered through experimentation and use. The range of
dates, and optimizations can be applied per-WayStationpossible inter-class and intra-class conflicts, and the ac-
this may actually improve the scalability of the remote tions taken when they arise, are summarized in Table 2.
service. Services can also use cluster-based techniques

to further enhance scalability. Finally, one can imagine a

Iast-writer (o

’ - . g iy ’ conflict btwn ptimistic pegsimistic
hierarchy of replica sites if scalability is of chief concern, : —
but doing so while providing update bounds requires . either OPUMISHC |0 csimistic
careful thought last-writer perSISts, no perSISt§, no perSiStS
guarantee conflict
5.3.Update Propagation pessimistic
] ) ) ] L . persists,
When a replica site discovers that its peer has up-| optimistic conflict | o timistic
dated an object that it stores, it can either invalidate its conflicts
copy of the object, or it can aggressively retrieve the
object from its peer. The best alternative depends on g imisti updates
number of factors: the locality of updates, the degree and pessimistic serialized
frequency of sharing, and the performance of the net-

work path between replicas. The replication system can
monitor these, and pick the option that best fits current

Table 2: Handling Mechanism Conflicts




D rovin nd Miaratina Replicas updates. To capture this notion, the client maintains a
6 estroying a d 9 9 P log suffix the log timestamp such that the contents of all

There are two reasons why a WayStation replicaupdates stamped with later times are known to the client.
might be destroyed. First, the client may cease to beAs updated data are evicted from the cache, the log suf-
interested in that replica’s data. Second, the client mighfix pointer moves forward through the log.

I her W ion or the hom rvice. . . .
move closer to another WayStation or the home service When notifying a WayStation of its departure, the

The former case is easy to deal with. WayStationsclient sends its current log suffix. The departure Way-
can monitor the usage statistics of their replicas. ThoseStation is then responsible for immediately propagating
that have not been used recently can be madketiant pre-suffix updates. It can purge post-suffix updates, and
as soon as their changes have been reflected to the cehave the client replay them at the arrival WayStation
tral service. A busy WayStation can reclaim the re-after being given its release. Since the arrival WaySta-
sources of dormant replicas when necessary. tion was chosen based on its proximity to the client, this

Handling a moving client is more difficult. When a replay operation will be fast.

client moves, it must sedient-consistenupdates; if a The second optimization is based on the observation
client performs an update, it should be persistent fromthat the arrival WayStation is likely to be closer to the
the client's point of view, according to the consistencydeparture WayStation than the remote service; this will
rules in effect. This problem is illustrated in Figure 4. be true if the client has not moved far in terms of net-
work topography. In these cases, the departure WaySta-

The client first updates an object on its WayStation, . ~ " . )
and then moves to a second WayStation. If the first re tion is free to send its update log and file contents to the

lica is using optimistic or last-writer semantics, the client "’i‘:]r'vg:]awnagtz'?ﬁé rlmztgesfgriict:get?;%?:esiir?1feC§frtne T{Ee
may not see its own prior update, since the departuré 9 9

WaysStation has not yet propagated it to the service. client changes replica sites.

Individual clients expect client-consistent updates. Neither of these.optlml.zathns '_S guaranteed .to im-
Put another way, no one should know more about a cjiProve performance in all situations; the actual gains de-

ent’s updates than that client does. In the Bayou termP€nd on relative communications costs. However, given
nology, this is known asead-your-writessession se- the mechanisms to establish replicas and choose Way-

mantics [35]. Pessimistic consistency schemes provideS;fat'?nS’ thiyiht()lg pro][ntlrs]e. Th?in??é?io%oshcﬁrg '3;{5
client-consistency automatically; more relaxed schemes TeCt ON consistency ot these op : ey

may not. To provide client-consistency, a client must pre\{iously is§ued .updates to a later logical time. There
ask its WayStation to discontinue replication on its be- are issues with doing so correctly that we must address.

half on departure. Conceptually, the departure WaySta- The final optimization makes use of the consistency
tion must then propagate all uncommitted updates to thelass mechanism to defer even more work from the criti-
remote service before allowing the client to begin using acal path of replica handoff. Rather than propagate
new replica site. Since this can be quite expensive, therehanges, the departure WayStation can promote the con-
are several optimizations that one might make. sistency scheme to pessimistic, and invalidate modified

The first optimization depends on the fact that thereplicas at the home service rather than force an update.

client itself may have cached some of its most recent

O
WayStation 2 E/ WayStation 2 %/WayStation 2
O A O OA O GAN O
Home Service Home Service Home Service
%\ QA O oA o oA O
WayStation 1 WayStation 1 WayStation 1
(a) update on WS1 (b) move to WS2 (c) fetch stale object

Figure 4: Violating Client-Consistency



This exchange of status information is fast, and will
allow data propagation to be overlapped with other
client operations. Note that the use of consistency
classes allows this change to affect only the perform-
ance of the arrival and departure WayStations without
penalizing replica sites that choose weaker consistency
guarantees. Also, this optimization, unlike the first
two, changes neither the currency of updates nor their
position in logical time.

7. Current Status

This work is in its infancy; we are only beginning
to implement and experiment with these ideas. Our
current focus has been on network estimation filters
and the construction of a simple prototype to explore
the performance space.

The client's network estimation service forms the
core of fluid replication; without good estimators, the
system will adapt sluggishly, capriciously, or both.
While we have only tentative results for the quality of
our estimator, they are promising. We are able to track
changes in bandwidth and latency with good agility,
but our estimators do suffer from some instability. The
exposure of estimate error alleviates this, and we be-
lieve that incorporating it into the decision algorithm
will allow us to make much better decisions about rep-
lica instantiation.

Our prototype consists of a WayStation, client, and
server to add fluid replication to NFS. We are incorpo-
rating the two extremes of consistency: last-writer with
an infinite write-back interval, and immediate write-
through. When completed, it will allow us to better
understand the gains possible for replication of this
service, and help us tune the decision algorithm.

8. Related Work

The idea of using replication to improve the per-
formance of wide-area systems is certainly not new.
Grapevine [31] was the first distributed system that
used replication with weak consistency to provide good
performance and scalability. It also served as the gene-
sis of fluid replication. The observation that replicas
should be placed at either end of a slow link led us to
wonder how to position replicas automatically.

Cluster-based, scalable distributed services focus
on replication within a tightly coupled cluster to adapt
to changing client load. Typically, they focus on soft-
state replicas [8] or provide back-end storage that is
shared across the cluster [26]. This minimizes the
overhead of consistency maintenance, though more
recent systems have explored dynamic content [6].
These systems provide good scalability in cases where
the end-service is the performance bottleneck, but do
not deal with other sources of performance problems.

Several distributed systems have used an optimistic
consistency scheme to provide file and database access
to mobile clients; such clients experience significant
variation in the networking costs incurred in accessing
distributed services. Ficus [13] and Bayou [36] rely on
a peer-to-peer replication model. In this model, each
node stores a replica, and pairs of nodes exchange up-
dates when they encounter one another. This provides
eventual consistency, but cannot bound time to conver-
gence. JetFile [12] also provides a peer-to-peer model,
but allows peers to find each other by IP multicasts that
are global rather than directed only to nearby neigh-
bors.

Bayou's use of update logs and replica management
[28] is in many ways similar to that proposed here.
However, in Bayou these mechanisms must all work
with arbitrary replication topologies. Restricting their
use to pair-wise interactions between WayStations and
servers is likely to simplify them significantly in addi-
tion to providing the foundation for bounded conver-
gence.

Coda [18,23] provides a cluster-based replication
model, but allows clients to hold long-tersgecond-
classreplicas. These replicas, stored solely on clients,
are subject to the decreased safety and security offered
by them. Coda also has mechanisms to dealwsétik
connectivity[23], but they require potentially expen-
sive interactions with remote services.

Web caches take advantage of locality in HTTP re-
quests to provide better performance to clients using
them [22]. These caches are limited to the consistency
mechanisms provided by the Web, and are passive;
they do not accepipdates from clients. We know of
no systems that allow clients to transparently migrate
between caches as the costs of communication change.

WebOS [37], a set of abstractions for building
wide-area applications, is complimentary to our own
work in many ways. WebOS' naming, security, and
process control mechanisms could serve as the founda-
tion for implementing fluid replication. In fact, one of
the applications chosen to demonstrate the benefit of
the WebOS abstractions is a simpler form of fluid rep-
lication calledRent-A-Server.WebOS also provides a
wide area file system that supports last-writer seman-
tics for general file access, along with stronger consis-
tency for server-push and append-only data. While
WebOS concentrates on the building blocks one might
use to create an automatic replica management system,
our concern is that system itself.

Distributed shared memory systems take advantage
of locking mechanisms to optimize data movement and
invalidation [2,11,16]. Programs that correctly lock
data see pessimistic consistency semantics. Munin [4]
enables cooperative applications to annotate data to
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