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Abstract. Social networks offering unprecedented content shariegrapidly
developing over the Internet. Unfortunately, it is ofteffidult to both locate and
manage content in these networks, particularly when theyiraplemented on
current peer-to-peer technologies. In this paper, we tesgvayfinder, a peer-to-
peer file system that targets the needs of medium-sizedraasitaring communi-
ties. Wayfinder seeks to advance the state-of-the-art byaing three synergistic
abstractions: a global namespace that is uniformly adaesacross connected
and disconnected operation, content-based queries thdtecpersistently em-
bedded into the global namespace, and automatic avatjaiidinagement. Inter-
estingly, Wayfinder achieves much of its functionality tgh the use of a peer-
to-peer indexed data storage system called PlanetP: idlse/ayfinder con-
structs the global namespace, locates specific files, afarpercontent searches
by posing appropriate queries to PlanetP. We describetieiyepased design and
present preliminary performance measurements of a ppatgplementation.

1 Introduction

Social networks offering unprecedented content sharioh as Gnutella, KazaA, and
DMOZ are rapidly developing over the Internet. Unfortumgticating specific infor-
mation in these networks can often be frustrating, pawitylwhen they are imple-
mented using current peer-to-peer (P2P) technologieseXample, the Direct Con-
nect system (http://www.neo-modus.com) used by a locakfikring community al-
lows the browsing of each individual node’s shared contentdmes not support a
global browsable namespace. Consequently, over 25TB af idatompletely frag-
mented across more than 8000 individual listings withowt aay for the users to
collaboratively organized this shared information. To@aate the problem, content
search is quite primitive, content ranking is not supparéed it is impossible to reason
about data availability because of extensive disconnemtedation. This state-of-the-
artis common to other P2P systems such as KaZaA (http://wa&a&a.com) and eMule
(http://www.emule-project.net).

Managing shared content s also difficult, particularly whisers participate in mul-
tiple networks, as users must manually track content rapkeross multiple publishing
infrastructures and their local writable storage systerhs problem is further exacer-
bated as users increasingly depend on multiple devicesssies, laptops, and PDASs,

! Consistent with [2, 24], traces show that most users corfoetess than a few hours a day.



some of which may frequently change their connectivity aaddwidth status, requir-
ing explicit reasoning about the impact of disconnectedatjmn.

In this paper, we present Wayfinder, a novel P2P file systetiséeks to address the
above limitations by presenting three synergistic absitras: a global namespace that
is uniformly accessible across connected and disconnegierhtion, content-based
queries that can be persistently embedded into the glolmaéspace, and automatic
availability management. We choose to build around a filéesggparadigm for wide
accessibility: data stored in files are easily accessibieutgh a wide range of appli-
cations, including simple utilities such ast, gr ep, andawk. Given this central
paradigm, the three abstractions then serve to unify tlygrfested views of data spread
across multiple users and their devices, providing deiridependent nanmendcontent
addressing that naturally encompasses disconnectedtiopetanderneath the global
data view, Wayfinder automatically manages the replicadioth placement of data to
achieve specified availability targets.

In the remainder of this section, we describe the threeatigins mentioned above
in more details. In the body of the paper, we describe Wayfiadesign and a proto-
type implementation; in particular, a key aspect of Wayfiteddesign is that its ab-
stractions are all implemented as queries against metasiated in an underlying
P2P indexed storage layer called PlanetP [7]. Thus, we pidefcribe PlanetP, how
Wayfinder leverages PlanetP’s indexing capabilities arehglanguage to implement
its exported abstractions, and how Wayfinder uses a liglgtweistributed hash table
(DHT) as a caching infrastructure to make its query-bass@ydeefficient. Finally, we
close with some thoughts on the benefits that can be derigeddénhancing PlanetP’s
query language, particularly as shared content are inoglgstructured via XML.

Global namespaceWayfinder constructs its global namespace by overlayindpited
namespaces of individual nodes within a sharing commusighawn in Figure 1. Each
node’s local namespace is calledhtsardand consists of a directory structure and files
stored in a local persistent storage system. The commuray at any point, split into
multiple connected subsets, each with its own shared nawespnd later rejoin to
recreate the entire global namespace. In essence, Wayfirents a shared view of
all data stored across any set of connected nodes that expaddctontracts smoothly
on node arrival and departure.

Wayfinder adopts the above merging approach as opposedagtadounting ap-
proach because it provides three important advantagest, Fiprovides users with a
consistent browsing experience similar to the web but avthié binding of names to
specific devices. In particular, it allows any user to cdnité content to any portion
of the namespace by binding files to appropriate names wiitlginocal namespace of
any of his devices; indeed, a user can modify any portion efntdmespace by modi-
fying, adding, and deleting files and directories provideat they have the necessary
rights to do sé. This makes it possible for any Wayfinder community to cabiab
tively organize shared information in a manner similar web-based DMOZ project
(http://dmoz.org).

2 Wayfinder implements a security model that allows a comrguiaitcontrol write access to
files and directories. A discussion of this model is beyorel dbope of this paper, however.
We refer the interested reader to [19].
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Fig. 1. Wayfinder dynamically constructs a shared namespace aargsset of connected devices
by merging their local hoards. This figure shows 3 nodes pally being connected so that
the shared namespace is the merged view of hoards H1 throdghMien the community is
partitioned into 2 connected subsets, Wayfinder maintaimeeged view for each subset. When
the subsets reconnect, Wayfinder dynamically re-mergeshtimed namespace.

Second, it reduces the data management overheads by rentgineed for users
to explicitly reason about what replica resides on whichick\As shall be seen, when
a user accesses a file, Wayfinder will locate the latest versidhat file within the
connected community. Wayfinder also detects and autontigtieaolves conflicts that
arise because of changes made during disconnected oiqraatitoperation. Wayfinder
maintains sufficient information for users to manually tesdhese conflicts if the au-
tomatic resolution is semantically incorrect.

Finally, a merging approach naturally encompasses parét and disconnected
operation as shown in Figure 1. At the extreme, disconnegpedation simply means
that the namespace will include only the local hoard; thus|eathe amount of acces-
sible content may change, the manner in which users browsestimespace and access
files does not.

Semantic directories.A key lesson from the web is that successful management and
sharing of large volumes of data require bbthwsing i.e., name addressing, andn-

tent searchi.e., content addressing. To date, however, browsing antkat search have
typically been viewed as two separate approaches for lggatid organizing informa-
tion. Wayfinder seeks to integrate these two approachesdhrthe implementation

of semantic directories [11, 12], which are search quehas @are embedded into the
persistent file system namespace.

Semantic directories provide a powerful organizationahdegm because they al-
low users to create a persistent namespace that autorhaticals content to multiple
browsing paths. For example, a file discussing content éae2P file systems might
be found through two completely different pathnames, witk teading to a query for
“content search” and the other to a query for “P2P file sysfewithout requiring users
to explicitly create these name bindingghile individual users can of course pose ei-
ther of these queries independent of the namespace, dgiigind” queries is often a



difficult art. In our lab, we often share good web queries wileh other; e.g., “look this
up using the following query.” Embedding queries into theneapace will allow users
to easily preserve and share good queries. Users will alsefihérom each other’ fine-
tuning of search results; for example, each addition of ali¢ is relevant to but does
not match a query benefits the next user that browses the sierdaectory looking for
relevant information.

As shall be seen, semantic directories are periodicaliyaleated to reflect changes
in the shared data collection, thus turning the file systemespace into aactiveorga-
nizational tool. Further, similar to the HAC file system [12Jayfinder allows users to
explicitly fine-tune the content of a semantic directoryreatthan having to manipulate
the query until it returns the exact set of desired files. IRing®/ayfinder implements
an approximation of the TFxIDF vector space ranking algomiso that files inside a
semantic directory can be ordered based on their relevartbe directory’s query.

Automatic availability management. Providing high data availability is a fundamen-
tal aspect of a file system. Achieving high availability inAP&ystems, however, can
be quite difficult because of the extensive disconnectiogealy mentioned. Wayfinder
addresses this problem by automatically replicating datechieve explicitly specified
availability targets. Wayfinder continuously monitors grédicts the availability of
nodes in a sharing community in order to make replication gpladement decisions.
In addition, we are exploring a novel user-centric avaligbmodel that addresses the
combined problem of hoarding, that is, ensuring the presefdata on a specific de-
vice for disconnected operation, and availability, whigkyipically defined as the prob-
ability of successful access when connected to a serveul@uate goal is to supporta
unified metric where a file is available if it can be accesseglardless of the accessing
device’s connectivity state. Wayfinder seeks to providénhiger-centric availability,
which works together with the dynamic global namespacertwke the need for users
to explicitly reason about what replica resides on whichickeacross connected and
disconnected operations. This aspect of Wayfinder is stileaexploratory stage, how-
ever, and so will not be described further in this paper.

Design and Implementation StatusWayfinder stores each node’s hoard in the node’s
local file system and stores its meta-data in PlanetP, wkiehR2P indexed data stor-
age layer that supports a simple boolean query languageatarrdtrieval. Wayfinder
then uniformly constructs its file system namespace, Iscaiecific files, and performs
content searches by posing appropriate queries to PlanetP.

We have implemented a Wayfinder prototype that is suffigjaattmplete to support
the transparent execution of common applications suchgsavacs, latex, gv, etc. on
Linux. Currently, Wayfinder targets medium size commugiti¢ hundreds to several
thousands of users as the common unit of social interactiaood example of such
a social group is the local P2P network already mentionedelivat is comprised
of several thousand students sharing approximately 25Td&at#. Sharing within our
laboratory (and department) is another example envirohmkare we are deploying
and using Wayfinder.



Our contributions include:

— The design and preliminary evaluation of a P2P file systernuh#ies name and
content addressing in the context of a global browsable aitdbie namespace.
Critically, our system supports content addressing animgrwithout requiring
any centralized indexing.

— The unification of two recent paradigms for building robustentralized systems,
distributed hash tables (DHT) [26] and replication usinggiping, to build a robust
and efficient P2P file system.

2 Background: PlanetP

We begin by briefly describing PlanetP since Wayfinder uses i distributed data
store for its meta-data. PlanetP is a toolkit that providiese building blocks for the
construction of robust, medium-scale P2P applicationossiging module [7,9], an
indexed storage system and distributed query processiigerand a lightweight ac-
tive DHT. PlanetP’s indexed storage system stores infaomais bindings of the form
{k1,k2,....,kn} — o, wherek; is a text keyo is an arbitrary object, and we say that
keygo) = {k1, ko, ..., k, }. Stored objects are retrieved by specifying queries cosedri
of text keys combined using three operatansd (A), or (V), andwithout(—). For ex-
ample, a query (“cat’A “dog” — “bird”) would retrieve the sefo | ({catdog} C
keygo)) A ({bird} ¢ keygo))}.

When a binding(k1, k2, ..., k,} — o is inserted into Planetrat a particular node,
PlanetP storesin a persistent store local to that node, e.g., a BerkeleyatBlzhse [25],
and k1, ks, ..., k, in a two-level index. The top level of this two-level strutus a
globally replicated key-to-node index, where a mapping> n is in the index if and
only if at least one binding..., &, ...} — o has been inserted at node The second
level is comprised of a set ddcal indexes, one per node, which maintains the key-to-
object mappings for all bindings inserted at each node. Thleafjindex is currently
implemented as a set of Bloom filters [4], one per particigatiode, and is loosely
synchronized over time using the gossiping module [7].

To evaluate a query posed at some nad@lanetP uses’s replica of the global
index to identify target nodes that may contain relevandlisigs. Then, PlanetP can ei-
ther forward the query to all targets for exhaustive rettiev to only a subset of targets
that are likely to contain the most relevant objects. Carthtarget nodes evaluate the
query against their local indexes and return URLs and relsvaankings for matching
objects ton. PlanetP’s relevance ranking is computed using an appediom of the
text-based TFxIDF vector space ranking algorithm [6].

To complement the gossip-based persistent indexed stargtP also implements
an active unreliable DHT. This DHT is active in that storedeabs can execute on
the hosting nodes but unreliable in that it may loose objedigtrarily because nodes
may leave (fail) without redistributing their portions dfet DHT. There are two main
expected use of this DHT: weak serialization of potentiatiyflicting operations and

% We often refer to the indexed data store as just PlanetP viteereference is clear within the
surrounding context.
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Fig. 2. An overview of Wayfinder's architecture. Solid arrows iesRlanetP indicate bindings
of keys to waynodes while dashed lines indicate implicitlibigs of waynodes to file/directory
replicas. Note that only a few waynodes are shown for clarity

caching ofsoft state such as those reconstructible from data in the indstoed to
enhance performance.

We have shown that PlanetP’s content ranking algorithm careae similar accu-
racy to a centralized implementation of TFxIDF [6]. In addlit, PlanetP is extremely
robust, even for highly volatile communities, and currgsttales well to thousands of
nodes [7] (hence the “medium-scale” label).

3 Files and Directories

We now describe how Wayfinder implements files and directores already men-
tioned, Wayfinder stores each node’s hoard in the node’s fideasystem and stores
its meta-data in PlanetP (Figure 2). More specifically, eaghard is a sub-directory
comprised of a portion of the files in the global namespacethadaorresponding di-
rectory structure. Each file and directory can have manyaaphcross the community,
with each replica described by a small data structure callMdynode The set of all
waynodes comprises Wayfinder’'s meta-data and is storecimeE®, where each wayn-
ode is bound to a set of content keys and a unique file or dingtiiokey. Wayfinder
then constructs the global namespace, locates individeal fand performs content
searches by posing appropriate queries to PlanetP. To rhiskguiery-based design ef-
ficient, Wayfinder caches query results in PlanetP’s DHT. ifedl ©e seen, Wayfinder
only cachesoft statewhich can be arbitrarily lost at any point in time withoufeaiting
its correctness.

Files. Each Wayfinder file is identified by a unique identifier whilelkeaeplica is de-
scribed by a waynode. Each waynode contains a file ID, a veraioontent hash, and



a URL indicating where the replica can be retrieved. Eachnodg is stored in Plan-
etP, bounded to the replica’s file ID and keys extracted fio@réplica’s content. Each
replica of a file/path/names stored apath/namén some hoard.

More specifically, suppose that the hoard of a nade stored afWFRootin n’s
local file system. When a filpath/fis opened, Wayfinder first retrievg$ ID from the
meta-data associated witpath (see below) and queries PlanetP for all the waynodes
of all replicas of f to compute the latest version and where replicas or diffst@an
retrieved. To avoid this expensive operation in the futWayfinder caches the result in
the DHT. Cache entries are active objects that can recet/prarcess information about
updates and so can persist in the cache indefinitely; in auestimplementation, they
are discarded after not having been accessed within som&hibid period of time.

Then, ifn does not have a local replica §f Wayfinder retrieves a copy, stores it at
/WFRoot/path/fand creates a new waynode for this replica and insertsoitRignetP.
The new waynode contains the same file ID and version humhdrdsua new URL
pointing ton’'s hoard. On the other hand, if has an old version, Wayfinder updates
the local copy to the latest version and updates the waymoithe thew version number.
Finally, Wayfinder completes the open on the local repliaaation works similar to
open except that Wayfinder generates a new file ID for the newelgted file.

If f was opened for write, on closing, Wayfinder increments tipdiaa's version
number (in the waynode) and updates the meta-data objaetdac the DHT forf if
one exists. Wayfinder also computes a diff that containgwhges since the open and
stores it infWFRoot/pathtogether withf. (Of course, diffs are hidden from the user’s
view of the directory in the global nhamespace.) Diffs alloadas to update replicas
of large files without downloading the entire file. Diffs alalow Wayfinder to un-
roll changes as necessary to resolve write conflicts (se@8eb). Finally, Wayfinder
schedules the file to be indexed in the background; if the &ilediready been indexed
in the past, then Wayfinder can do an incremental index usisigthe diff. Once the
index is completed, Wayfinder rebinds the waynode to theaeted content keys.

Directories. When a user opens or creates a fijath/fat a noden, Wayfinder creates
the directorypathin n’s hoard if it does not already exist. Thus, directories a@i+
cated across nodes’ hoards as well, although as shall be thegrare only partially
replicated. Directories are uniquely identified by theithm@mes since directories with
the same name are merged in the global view.

Each directory replica is represented by a waynode thaestall the name-to-
replica bindings in théocal hoard. That is, if a directorpathin n’s hoard contains
two files, f1 and f,, then the waynode fdpathwould contain two bindings, one bind-
ing the namef; to f1's ID and one bindingf; to f5's ID. Each directory waynode
is inserted into PlanetP as a bindiffypath’ } — w. Then, to construct a global view
of a directory/path (for example, when the user does lajy Wayfinder retrieves all
waynodes bound to the key “/path” and merges their content.

We also cache directory views for efficiency. Similar to oacleing of file meta-
data, we choose to continuously update cached directomsythius, whenever a node
adds or deletes a file, if a view of the file’s parent directofig®s in the cache, then it
updates the cache view to reflect the operation.



Semantic Directories.A semantic directory is one whose name maps to a content
query [11]. In Wayfinderprkdi r creates a semantic directory if the first character of
the name is a “$”". Currently, a semantic directory’s namé gumsists of a sequence
of space-separated terms that are combined using the “gredator to form the query.
Each semantic directory has a set of attributes that caomgdty be set to direct the
ranking and display of matching files.

On creation, a semantic directory is populated with filesimiits scope that matches
the directory’s query. Afile is defined to match a query if tegkthat its waynodes, i.e.,
the waynodes of the replicas with the latest version, arabtdoa satisfy the query. De-
pending on its attributes, a semantic directory can be maedlwith all matching files
or only a subset of highly ranked files. Wayfinder periodicaflevaluates each seman-
tic directory’s query to refresh its content; the reevatuaperiod is a user-specifiable
attribute of the directory.

When a user creates a semantic directaryb, if a is a regular directory, then the
user has a choice of populatihgvith matching files from the entire file system (global
scope) or only files contained in(parent scope). I§ is a semantic directory, however,
then only parent scoping is allowed. Thus, a chain of thresastic directorie$/c/d
would give three sets of files equivalent to the quebidsA ¢, andb A ¢ A d.

Similar to [12], Wayfinder's semantic directories can beedily manipulated by
users. That is, users can add files to or remove files from arg@ndirectory just
like a normal directory. Files explicitly removed by a usez aever brought back by a
reevaluation although they can be added back explicitkewise explicitly added files
are never removed by reevaluation, even if their contentatamatch the directory’s
query.

Semantic directories are implemented as follows. When & asdesses a semantic
directory, a replica is created in its hoard along with a veslen The waynode is used to
record explicit user manipulations of the semantic dirgcéd that node, i.e., additions
and deletions. On (re)evaluation, Wayfinder poses the tdirgs query to PlanetP and
retrieves all waynodes that matches the query. Wayfinder gashers all waynodes
describing replicas of the directory. It then modifies thieo$enatching file by the union
of the actions contains in the directory waynodes. Actiors@dered using logical
timestamps; conflicting operations are resolved conseehgatfavoring addition over
deletion.

The result of the above evaluation is cached in memory umilrtext evaluation.
When a file inside a semantic directory is accessed, a copyiofibwnloaded to the
hoard just as for a normal directory. If that file is later axsed through another path-
name, or if a local replica already exists, Wayfinder onlydseene copy in the hoard
and uses hard links to support accesses through the diffeméimames.

4 Consistency

Wayfinder exports a weak consistency model similar to thaBafou [20] for both

directories and files to support partitioned operation-aflebat Wayfinder continues
to operate even when the sharing community is splintereml saveral disconnected
parts. In this section, we describe this consistency mautkita implications for users.



Files. Recall that when a user attempts to access affil# some noder, n simply
opens the latest version @fthat it can find. This essentially implements a “single copy,
any version availability” model [13]. Under partitionedeygtion, this model can lead
to users seeing stale data and conflicting non-concurretgsirecause of incomplete
hoarding withinn’s partition or recent writes outside afs partition. (Note that these
problems can arise even when the entire community is coadeethen cached en-
tries in the DHT are lost, gossiping delays may give rise tmirsistent views of the
global index, which in turn may lead to inconsistent actioftgese inconsistencies are
subsumed by those arising from partitioned operation, kewend so are dealt with
similarly.)

The above inconsistencies anéerentto any system that supports partitioned oper-
ation. Wayfinder’s replication approach (not describe@dhezduces the probability of
accessing stale data. To address write conflicts, Wayfindertains a version vector in
each waynode, where a new version extends the vector witmatmoically increasing
number and the ID (a hash of a public key) of the writer. ThememMWayfinder detects
write conflicts, it imposes an arbitrary but deterministicalobally consistent order-
ing on the changes. This allows nodes to resolve conflictsouitthe need to reach a
communal consensus.

For example, suppose Wayfinder detects two waynodes foathe §ile with con-
flicting versions [{,1)(y,2)] and [(z,1)(z,2)]. Further suppose thgt< z according to
their integer values. Wayfinder would then apply the difitetn [¢,1)] and [(,1)(z,2)]
to [(x,1)(y,2)] to get the version }{,1)(y,2)(z,2)]. To address the cases when this res-
olution is semantically incorrect—although often, simita CVS conflict resolution,
this automatic resolution may be correct—Wayfinder allowsra to manually merge
diffs to create a new, semantically correct version. Cauiitig the example, Wayfinder
allows a user to create a new versiomn,]()(y,2)(z,2)(u,3)] by providing the [(,1)]
version using diff rollback and the two conflicting diffs.

Directories. Wayfinder also supports a “single copy availability” modet irectory
accesses. Suppose a user at some naateempts to access a directdpath/dir. This
access will succeed if any nodesirs partition has a replica ofpath/dir. For similar
reasons as above, this model can cause users to not segysititihactually exist, see
bindings that have been deleted, and create conflictingrimsdSince replicating files
involve replicating their ancestor directories, our reglion approach also reduces the
probability of incomplete views. To resolve conflicting Hings when creating a direc-
tory view, Wayfinder renames the bindings in the DHT cacheyesmd notes this re-
binding. When a user attempts to access a file through thenexhhinding, Wayfinder
notifies the user of the conflict so that a permanent rebinclimgpe affected.

To delete a bindindpath/f Wayfinder unlinkspath/fin the local hoard, removes
f from the cached entry dpathin the DHT, and publishes a delete notification to
PlanetP. Whenever a node accegpath it will see the delete and remove its own local
replica if it has one. Each node also periodically looks felete notices and removes
any corresponding local replicas. Delete notificationstigsearded after an expiration
period currently set to four weeks. Thus, it is possible foroae that was offline for
longer than this period to bring back a copy of a deleted filemihcomes back on-line.



Modified Andrew Benchmark
Phasél.inux NFS| JNFSD |Wayfinder: 1 NodéNayfinder: Worst Cage
1 0.02s 0.04 s 0.04 s 0.10s
2 0.18 s 0.37s 0.82s 151s
3 1.03s 0.82s 0.85s 1.08s
4 0.84 s 1.58s 1.64s 1.82s
5 2.09s 3.13s 3.30s 3.49s
Total| 4.16s 5.94s 6.65s 8.01s

Table 1. Results of the Modified Andrew Benchmark using the Linux Mf§nal INFSD and
the JNFSD linked with Wayfinder running in isolation and cected to a large community of
nodes.

To delete a directory, Wayfinder deletes all files within tlectory as described
above and deletes the directory itself from the hoard. Whiengssing delete notifica-
tions, a node also recursively delete ancestor directdribe deleted binding was the
last in that directory. This implementation has two implicas. First, since deleted files
can reappear, so can deleted directories. Second, defleéihast binding in a directory
effectively deletes that directory as well.

Finally, since we depend on nodes to update cached direetdries in the DHT
to reflect changes, these entries may become stale when ayoed®ffline, modifies
its local hoard, then returns. To address this problem,ezhelntries are automatically
discarded after an expiration period. Also, when a noddrgjan online community,
it lazily walks through its hoard and updates any stale ca@mtries. When two con-
nected subsets join, cached entries for the same direatemearged.

5 Performance

We now consider the performance and robustness of a pretatyplementation. Re-
sults presented here are preliminary since we are jusirgjad use Wayfinder on a
daily basis.

Our prototype is written in Java and uses a modified INFSDes¢16] to export
its services as a locally mounted user-level NFS systenmexgeriments are performed
on a cluster of PCs, each equipped with an 800MHz PIII prazes542MB of memory,
and a 9GB SCSI disk. Nodes run Linux 2.2.14 and Sun’s Java 2.8DK. The cluster
is interconnected by a 100Mb/s Ethernet switch.

Each Wayfinder node caches meta-data retrieved from the Bt0E&Al memory for
10 seconds. In our current setup, this reduces the impactesaing the DHT through
Java RMI, which requires on order of 2.5ms for a single RPCelviayfinder is
used by communities connected over the Internet, this ngateiduces the impact of
communication over the WAN. Note that this caching is simitecaching done by the
Linux NFS client (3—30 seconds), although Linux has a mophsticated policy of
when to disregard the cache.

Andrew Benchmark. Table 1 shows the running time for the Modified Andrew Bench-
mark [15] for Linux NFS, the unmodified JINFSD, and Wayfinddre benchmark con-



sists of five phases executed by a single client: (1) createsetdry structure, (2) copy
a set of files into the directory structure, (3) stat each @ggrep through the files, and
(5) compile the files. In all cases, the NFS server and clembn the same machine for
comparison against when Wayfinder is running on a single featé/Vayfinder, “Worst
Case” reflects performance for the hypothetical scenarieresthe community is very
large so that each access to the DHT requires a message grclsamce all operations
are performed on a single client, these remote DHT accessdh@a most significant
source of overhead for this benchmark.

Observe that Wayfinder imposes little overhead when the lwadkis not entirely
comprised of file system operations. In particular, Wayfiriagoses insignificant over-
heads for phases 4 and 5, when the client is grepping and ting)pespectively. Phase
1 and 2 impose higher performance penalty, particular phageere each copy requires
Wayfinder to compute a diff and to synchronously flush theesponding waynode
from the local cache, forcing a remote DHT update. Curretitlg computation of a
diff involves copying the entire file at an open which we plaroptimize in the future
by implementing copy-on-write. Phase 3 benefits from thehedootprint resulting
from phase 2 and so imposes only a modest amount of overhead.

We thus conclude that while Wayfinder does impose visibletmads on basic file
system operations. These overheads are quite acceptabfethat the prototype is a
largely un-tuned Java program. We also observe that theenBenchmark gives the
worst case scenario for Wayfinder: all operations are perédrat a single client and so
gives no measure of Wayfinder’s effectiveness for collathgravorkloads.

Scalability and RobustnessWe now show the advantage of Wayfinder’s dual nature,
using gossiping for robustness to failures and cachingeérDHT for scalable perfor-
mance. In this experiment, we turn off the caching at thellooee to force accesses to
use either the DHT or PlanetP’s retrieval.

Figure 3(a) plots the time required for a single node to penfa complete traversal
of a namespace, e.g., doing an “Is -R” vs. community size veitid without, the use
of caching in the DHT. The namespace is a complete trinagctbry tree of depth 3,
giving a total of 41 directories with each directory conta@l file. Each node hoards
the entire namespace.

As expected, the scan time without caching in the DHT growsdrly with com-
munity size since computing each directory view requirastacting all nodes. With
caching, however, the scan time rises only slightly with ommity size as more and
more cached entries are stored at remote nodes; this cus\enresymptote, however,
corresponding to the cost of a network access per directmgss.

On the other hand, Figure 3(b) shows Wayfinder’s robustrekss of DHT data.
In this experiment, we run a sequence of scans and, in twarioss, we simulate node
crashes by causing 2 and 4 nodes, respectively, to droptAkkisDHT entries and leave
the community. The scan is performed over a similar (albigih8y smaller) directory
structure as before but where each file is replicated onlgewo that each crash leaves
some files with only one replica. Observe the rise in scan tigte after the simulated
failures because some directory views had to be reconsttu¢hese scans correctly
recreated all views, however, and re-cached them.
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Fig. 3. (a) Time required to scan a namespace plotted against coritynsime. (b) Scan time in
the presence of node failures; x-axis is a sequence of sdattged vertical lines indicate node
failures, and solid vertical lines indicate the return ofléal nodes. 2 nodes failed after scan 6
while 4 nodes failed after scan 14. The vertical bar givesdfamdard deviation for scan time
across 10 samples.

6 Related Work

Several previous efforts have investigated the provisf@ngiobal namespace spanning
multiple file and publishing systems [18, 21]. However, theforts were more focused
on providing individual users with logical namespaces #p&n multiple file systems
rather than a communal namespace that can be collaboyabkgdnized. The Feder-
ated File System (FFS) [27] is probably closest to our worthwéspect to namespace
construction but FFS is targeted specifically for a clusténer than a P2P community.

The Semantic File System [11] introduced the concept of séimalirectories,
which was further developed in the HAC File System [12]. Wagé&r implements this
abstraction in the context of P2P systems. Wayfinder alsodntes content ranking
within semantic directories.

Many projects have recently explored P2P file systems. Hewéw our knowl-
edge, none of these systems have considered content sedrcanking. Further dif-
ferences are as follows. The Secure Read-Only File Syst@jmfid the Cooperative
File System [8] are read-only publishing file systems. Fardi], a general read/write
server-less file system, shares many common goals with otk. Wmwever, Farsite
targets a corporate environment with significantly différeharacteristics than our tar-
get environments and so its design and implementation msfgigntly different from
Wayfinder. Oceanstore [22] and Pangaea [23] are more cagtrith extreme scaling
than Wayfinder and so their designs and implementationdsosignificantly different
than Wayfinder. lvy [17] is a P2P file system that stores itg tddcks in a DHT. This
approach is fundamentally different than ours and may leathacceptably high data
movement for highly dynamic communities [5, 3]. Finally,&jwan et al. have consid-
ered automatic availability management in the context abeage system built around
a DHT [3]. This system’s replication approach is similarhiattof Wayfinder (although



this aspect of our work is not described here) but it doesarget disconnected opera-
tion nor content search and ranking.

Several projects have addressed the enhancement of dazgemaent capabilities
in P2P networks. For example, Harren et al. are exploringrtneduction of complex
query languagesto P2P systems, particular in the conteystéms built on DHTs [14].
The Piazza project is seeking to support the sharing of bgésreous, semantically
rich data in P2P systems [29]. These efforts are complemetdaours in that more
powerful querying languages and engines on top of seméigtiveh data will likely
increase Wayfinder's capability for providing a conveniget powerful collaborative
information sharing environment.

Tang and Dwarkadas recently investigated content seardhanking for DHT-
based P2P systems [28]. This work is similar to PlanetP’sestrsearch and ranking
albeit it targets a different underlying building block #82P systems.

7 Conclusions and Future Work

We have presented Wayfinder, a novel P2P file system that seeisfy publishing,
searching, and collaborative organization within the egnbf a file system to better
support the needs of medium-sized content sharing netwSgexifically, we have de-
scribed two of the three critical abstractions exported layfitider: a global namespace
that merges devices’ local namespaces into a unified vieveamantic directories that
allow the namespace to actively organize the shared infimmaNe have shown how
Wayfinder implements these abstractions on top of a P2P @ubldata store; specifi-
cally, Wayfinder stores all of its meta-data in this dataestwvayfinder then constructs
the global namespace, locates specific files, and performtemisearches by posing
appropriate queries to the underlying storage system. \We &lzo described how to
make this query-based design efficient by caching the quesylts in an unreliable
DHT. Finally, we have given preliminary performance measuents collected from a
prototype to show that we can achieve reasonable perfornanc

We are currently in the process of deploying Wayfinder insidelab (and hope-
fully within our department) for actual use to evaluate Wagtér's impact on everyday
data management tasks. We are also pursuing two directfdntuoe work. First, we
are exploring the usefulness of Wayfinder's semantic dirées as well as the opportu-
nity to improve its content ranking capabilities by obsagvusers’ access patterns and
explicit manipulations of semantic directories. For exéami a user explicitly adds a
file to a semantic directory or accesses a lowly ranked filgueatly, we might be able
to use the content of these files to “improve” the query thiokyword expansion.

Second, we are exploring how PlanetP can support a more egmpéry language.
Harren et al. [14] have pointed out that such an effort caneearding as it can sig-
nificantly enrich ways in which applications like Wayfindemchelp users locate and
manage shared content more effecti¢eoncurrently, we will also explore the storage
of Wayfinder’s files as well as its meta-data in PlanetP. lemrss, we seek to explore a

4 Interestingly, PlanetP already supports part of the APhtified by Harren et al. as being
useful for implementing complex query languages in P2Resyst



content management and sharing system where coherent, @egyysfiles and directo-
ries, are just results of appropriate queries posed on aerlyih “sea of data.” Such a
hybrid system is powerful in that it supports a simple filetegs API yet also provides
the benefits of a powerful underlying data management systemexample, in our
current system, a semantic directory can be thought of amandig “attraction” point,
where new content entering the system related to a set ofdelpaill automatically
be listed. Yet, applications accessing such a directorplsimpens, reads, and writes
the directory without having to know anything about the uhdeg data management
capabilities. One can imagine equivalsamantidiles that can serve to attract snippets
of information; current PDA address books and calendaresaeples of how such
semantic files might be useful.

Acknowledgements.We thank Kien Le for developing Wayfinder's content indexer.
We thank the reviewers for their thoughtful comments.

References

1. A. Adya, W. J. Bolosky, M. Castro, G. Cermak, R. ChaikerR.JDouceur, J. Howell, J. R.
Lorch, M. Theimer, and R. P. Wattenhofer. FARSITE: Fedelafeailable, and Reliable
Storage for an Incompletely Trusted Environment. Pimceedings of the Symposium on
Operating Systems Design and Implementation (OSDeE. 2002.

2. R. Bhagwan, S. Savage, and G. Voelker. Understandindahitity. In Proceedings of the
International Workshop on Peer-to-Peer Systems (IPTP&). 2003.

3. R.Bhagwan, K. Tati, Y. Cheng, S. Savage, and G. M. Voelkatal Recall: System Support
for Automated Availability Management. IRroceedings of the Symposium on Networked
Systems Design and Implementation (NSDupe 2004.

4. B. H. Bloom. Space/Time Trade-offs in Hash Coding withatdable Errors.Communica-
tions of the ACMJuly 1970.

5. F. M. Cuenca-Acuna, R. P. Martin, and T. D. Nguyen. AutoonomReplication for High
Availability in Unstructured P2P Systems. Rroceedings of the Symposium on Reliable
Distributed Systems (SRD$€)ct. 2003.

6. F. M. Cuenca-Acuna and T. D. Nguyen. Text-Based ContemtcBeand Retrieval in ad hoc
P2P Communities. IProceedings of the International Workshop on Peer-to-Raamnput-
ing, May 2002.

7. F. M. Cuenca-Acuna, C. Peery, R. P. Martin, and T. D. Nguy@anetP: Using Gossiping to
Build Content Addressable Peer-to-Peer Information Sigafiommunities. IfProceedings
of the International Symposium on High Performance Disitildl Computing (HPDGYune
2003.

8. F.Dabek, M. F. Kaashoek, D. Karger, R. Morris, and |. $toWide-area cooperative storage
with CFS. InProceedings of the Symposium on Operating Systems PesqlOSR)Oct.
2001.

9. A. Demers, D. Greene, C. Hauser, W. Irish, J. Larson, Sni&heH. Sturgis, D. Swinehart,
and D. Terry. Epidemic Algorithms for Replicated Databasa&néenance. IfProceedings
of the Sixth Annual ACM Symposium on Principles of Distedu€omputing1987.

10. K. Fu, M. F. Kaashoek, and D. Mazires. Fast and secunetdittd read-only file system. In
Proceedings of the Symposium on Operating Systems Desibhmgatementation (OSDJ)
Oct. 2000.

11. D. K. Gifford, P. Jouvelot, M. A. Sheldon, and J. W. O. Jrenfantic File Systems. In
Proceedings of the Symposium on Operating Systems PesdilOSR)Oct. 1991.



12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

B. Gopal and U. Manber. Integrating Content-Based Actéschanisms with Hierarchical
File System. IrProceedings of the Symposium on Operating Systems Desigmaiemen-
tation (OSDI) Feb. 1999.

R. G. Guy, J. S. Heidemann, W. Mak, T. W. Page, Jr., G. Jele@gnd D. Rothmeir. Im-
plementation of the Ficus Replicated File SystemPtaceedings of the Summer USENIX
ConferenceJune 1990.

M. Harren, J. M. Hellerstein, R. Huebsch, B. T. Loo, S.riee, , and |. Stoica. Complex
Queries in DHT-based Peer-to-Peer Network?1doceedings of the International Workshop
on Peer-to-Peer Systems (IPTP&pr. 2002.

J. H. Howard, M. L. Kazar, S. G. Menees, D. A. Nichols, Mty@aarayanan, R. N. Side-
botham, and M. J. West. Scale and Performance in a Distdlkite System . ACM Trans-
actions on Computer Systems (TO&(L), Feb. 1988.

Java nfs server. http://members.aol.ctnd/ markmitchell/jnfsd.htm, Oct. 2002.

A. Muthitacharoen, R. Morris, T. Gil, and I. B. Chen. IMy:Read/Write Peer-to-Peer File
System. IrProceedings of the Symposium on Operating Systems Degsigmaltementation
(OSDI), Dec. 2002.

B. C. Neuman. The Prospero File System: A Global FileSgdiased on the Virtual System
Model. InProceedings of the Workshop on File Systeihay 1992.

C. Peery, F. M. Cuenca-Acuna, R. P. Martin, and T. D. Nguyayfinder: Navigating and
sharing information in a decentralized world. Technicap&¢ DCS-TR-534, Department
of Computer Science, Rutgers University, Oct. 2003.

K. Petersen, M. Spreitzer, D. Terry, and M. Theimer. RayReplicated Database Ser-
vices for World-Wide Applications. IProceedings of the Conference on Operating Systems
(SIGOPS)Sept. 1996.

H. C. Rao and L. L. Peterson. Accessing Files in an Intefitee Jade File Systensoftware
Engineering 19(6), June 1993.

S. Rhea, P. Eaton, D. Geels, H. Weatherspoon, B. ZhaoJ.akdbiatowicz. Pond: The
oceanstore prototype. Rroceedings of the Conference on File and Storage Techiaslog
(FAST) 2003.

Y. Saito and C. Karamanolis. Pangaea: a symbiotic wida-fle system. IfProceedings of
the Conference on Operating Systems (SIGOB&)t. 2002.

S. Saroiu, P. K. Gummadi, and S. D. Gribble. A MeasurerSémtly of Peer-to-Peer File
Sharing Systems. IRroceedings of Multimedia Computing and Networking (MMCXin.
2002.

S. Software. Berkeley DB. http://www.sleepycat.com/.

I. Stoica, R. Morris, D. Karger, M. F. Kaashoek, and H.a&kakhnan. Chord: A Scalable
Peer-to-peer Lookup Service for Internet ApplicationsPiaceedings of the Conference on
Data Communications (SIGCOMMAug. 2001.

L. I. Suresh Gopalakrishnan, Ashok Arumugam. FederaiedSystems for Clusters with
Remote Memory Communication . Technical Report DCS-TR4¥&partment of Com-
puter Science, Rutgers University, Dec. 2001.

C. Tang and S. Dwarkadas. Hybrid Global-Local Indexiog Efficient Peer-to-Peer In-
formation Retrieval. IrProceedings of the Symposium on Networked Systems Design an
Implementation (NSD))YJune 2004.

|. Tatarinov, Z. lves, J. Madhavan, A. Halevy, D. Suciu,Mlvi, X. Dong, Y. Kadiyska,
G. Miklau, and P. Mork. The Piazza Peer Data Management &rdjeProceedings of the
Conference on Management of Data (SIGMQJne 2003.



