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Abstract

Distributed hash tables (DHTs) provide a salable
mechanism of mapping keysonto values.DHTs are de-
signed for fully decentralized, yet excient object location
in peer-to-peer systems.The ad-ha and dynamic nature
of P2P networks motivated existing DHTs to keep only
minimum state per node, resultingin relativelylongrout-
ing paths. Moreover, since the storagein existing P2P
systemsis essentialy \fr ee", its utilization hasnot been
the primary focus of DHT design, resulting in systems
with poor utilization.

This paper presentsFixed Pre x Network (FPN), a
pre x-basal DHT designeal for future commercial P2P
systemssupporting applications like distributed archive
repository and distributed DNS. Unlike traditional P2P,
the new breed is built on the assumption that the con-
tributed resourcesare dedicated to the system,andare sig-
ni ¢ antly more stable. Exploiting this characterization,
FPN allowstrading of state sizefor routing length, mak-
ing it possibleto maintain short "xed path lengthsfor a
wide rangeof numkber of nodes.Moreover, FPN guaran-
teesthe minimum storageutilization, andin practicecan
deliveran 80%utilization during thelifetime of agrowing
system.Final ly, FPN is baseal onasimpleconcept, yetde-
livers salability and robustnesssimilar to other DHTSs.

1. Intro duction

Distributed hash tables, or DHTSs, are designedfor
application in P2P systemsto locate objects without
the needfor a certralized server. Nearly all recert DHT
proposals[13, 9, 4] have a lot in common - they typi-
cally usea small routing table per node, and canlocate
any object in a number of stepsgrowing with the sizeof
the system. The routing tables connectthe nodesin an
overlay network, with multiple paths betweenany two
nodes which ensuresnot only scalability, but also ro-

bustnessin the face of frequert topology changeslike
node additions or failures.

While P2P Te sharing systemsare very successful,
we envision the application of someof the principles be-
hind these systemsto the commercial domain, in par-
ticular to the enterprise and service sectors. Features
lik e scalability, dynamic topology, automatic failure re-
covery, and minimal requiremert for human manage-
ment are all very attractiv e in the businessworld as
they lead to increasedsystemreliabilit y, increasedsys-
tem lifetime and reducedtotal cost of ownership. Suc
systems, which we call ComP2P for commercial P2P,
consist of a large-scalenetwork built of dedicated re-
sources.A primary example of such a systemis a dis-
tributed archival repository. Liketraditional P2P, these
systemsare fully decerralized, and are robust in the
face of failures. Howewer, the resourcesare not shared
in an ad-hoc and transient way like in traditional P2P,
and cannot be removed from the systemon a whim. In-
stead, the sharing is long-term and resourcesare con-
tributed in a well-de ned manner. The managemen
of these new systemsis mostly local, but driven by a
set of global parametersand rules. Local adherenceto
theserules guaranteesglobal properties of the system.
An exampleis that every local administrator must en-
sure that the storage space added locally is at least
equalto the expectedsizeof the data to be inserted lo-
cally divided by the global minimum utilization.

By taking full advantage of stable and dedicatedre-
sourcesComP2P should be able to o®erbetter perfor-
mance than traditional P2P systems.The small state
per node, which is either constart [6] or grows slowly
with the network size[13, 9], supports a high rate of
changein existing DHTS, but at a costof relatively long
paths. For example,a recert study [2] investigating the
applicability of a traditional DHT to a reimplemerta-
tion of a large distributed servicelike DNS readed a
negative conclusion mainly becausethe DHT latency
was order of magnitude higher than that of the cur-
rent DNS.



Additionally , the concept of storage utilization is
not crucial for the traditional P2P systemswhere con-
tributed resourcesare essetially "free". Howewer, en-
suring the excient usageof underlying resourcess crit-
ical for the commercial viabilit y of ComP2P systems.

This work introducesa new pre x-based DHT de-
signed for ComP2P systems. The network is pre x-
basedbecauseead overlay node is assigneda pre x of
the hashkey space. Unlike previously published work
in the DHT area, our approadc is focusedon exploit-
ing stability and dedication of underlying resourcesto
provide (1) shorter or even xed-length routing paths
acrossa wide range of number of nodes, and (2) good
storage load balance and guararteed storage utiliza-
tion, while ensuringtraditional DHT featureslike scal-
ability, availabilit y, and robustness.

2. FPN De nition

Fixed Pre x Network (FPN in short) consists of
multiple FPN nodesdelivering DHT functionality.

SystemModel The system consists of multiple physi-
cal nodes (pnodeg communicating through an under-
lying transport network. Pnodes can vary in storage
space,processingpower and other resources.Each pn-
ode has a number of storage slots proportional to the
amount of its storage. Each pnode may host multiple
FPN nodes simultaneously up to its number of slots.
There is a global limit on how many keys any FPN
node can keepgiven by the constart SlotSize

Zonesand Pre xes Hashkeys can be viewed as "xed-

size strings of bits in the spacecovering all possible
combinations of such strings. A zoneis a subspaceof
the hashkey spacedescribed by a pre . If the hashkey
spaceis spannedover S bits, then a given K-bit pre-
x (K- S)

f1f o CCCf

(where f; is a speci ¢ bit) describesa zonethat keeps
all objects with hashkeys starting with this pre’x, i.e.

of the form

f1f 2 CCQf | X 41 Xk+2 COEXs

where x denotesa variable bit.

An FPN node is responsiblefor the zonerepreserted
by this pre x, which is also this node's id. We use
"zone" and "FPN node" interchangeablyexceptclearly
marked casesvhena zonenot related to any FPN node
is discussed.

Figure 1 illustrates zone pre xes. Two blocks with
keys K; = 00100101land K, = 01011011would be
stored on zonesC and E, respectively. FPN nodesoc-
cupy only leafs of the pre x tree. The shorter the pre-
"X, the bigger the zonerepreserted by this pre x.

Figure 1. FPN example.

Neighlors Two pre xes F and G are said to be neigh-
bors alongbit i i® both the following conditions hold:

g
g forj&i ™ 1-j - min(len(F), len(G))

fi
fj

In other words, the ith bit in F is °ipped in G and
all other bits are equal for bit positions occurring in
both pre xes. Two pre xes are neighltors i® a bit posi-
tion exists along which thesepre xes are neighbors ac-
cording to the above de nition. Two zonesare neigh-
bors i® their pre xes are neighbors.

We say an FPN is in a stable state i® any two
FPN nodes have non-overlapping pre xes and the en-
tire hashkey spaceis covered by zoneswith assigned
nodes.

Short pre x zoneshave more neighbors than long
pre x zones.In Figure 1 J has 6 neighbors (C, D, H,
[, M, N), while A hasonly 4 (B, C, E, H). This imbal-
ancecan be limited by splitting the bigger zones rst.
When an FPN network is perfectly balancedits topol-
ogy is that of a binary hypercube.

3. FPN Operations

SomeFPN operations, like locating overlay network
when a new pnode is added, failure detection with
pings, and failure recovery, can be donein similar fash-
ion to CAN [9]. Below we concerrate on operations
di®erertiating FPN from other DHTSs.

ZoneSplit The split consistsof creating two \c hildren"
zonesout of a parent zonewith pre xes derived from
the parent pre x by appending 0 and 1 respectively.
The parent's neighbors are split betweenthe children,
with some neighbors possibly retained by both. This
operation is local: the children zonesreplacethe parent
on the node hosting it. Usually, a zone is split when
its size reaches SlotSize sometimessplit may also be
necessaryduring node addition.

ZoneTransfer A zoneis evicted when the storageon a
pnodeis exhaustedor whenthere is no freeslot for it lo-
cally. A pnode canbecomea new host for a zoneF only



if it has at least one free slot; also, to prevent thrash-
ing, its free spaceafter the transfer must be higher than
the source'sbefore the transfer.

Sarchfor TransferTarget Among candidatesfor trans-
fer destination we prefer the one with the highest
amount of free space.Howeer, the \b est" candidate
can only be found by chedking every pnode in the sys-
tem (i.e. using glotal knowledgd. Sincethis is impracti-
cal, we have implemented a local schemein which every
pnode maintains a set of candidates (of limited cardi-
nality), called transfer set containing ead candidate's
IP and an estimation of its free resources{ slots and
storagespace.This information about a node's freere-
sourcesis piggybadked on outgoing messagesin our
experiments we have used, besidespings, write mes-
sagesbecausetheir number is proportional to the rate
of growth (hencetransfer) of the system.

Limiting the sizeof the transfer set not only bounds
the spaceconsumption at ead pnode, but also allows
to discard stale information.

4. Routing
4.1. Basic Routing

Basic routing is done by resolving bits left-to-right,
which results in a number of hopson the order of loga-
rithm of number of zones.For large networks this leads
to big latencies. To reduce number of hops, we intro-
duce the conceptof jump tables.

4.2. Dimensions and Jump Tables

Besidesregular neighbor tables, ead zonekeepsso-
called jump tables onein ead dynamically de ned di-
mension Jump tables reducethe number of hops and
improve resiliency.

A dimensionconsistsof a xed number of bits start-
ing at a given hashlkey bit position - for exampleit can
be de ned by a bit position 4 and length 3. A jump ta-
ble for a given dimension has an ertry for eat possi-
ble combination of bits in that digit (and is indexed by
that combination). Each ertry is assaiated with a pre-
"X, which is the identi er of the local FPN node with
the dimension'sbits replacedby this entry's index. The
value of the entry is the set of FPN nodesresponsible
for entire hashkey spacespeci ed by this entry's pre-
“X. Each such FPN nodeis described by its zonepre X,
the host network addressand the zone version, which
is incremerted when the zoneis recovered or moved to
a di®erent host. The version is used in the jump ta-
ble construction described below.

Entry Pre x Example Consider a zone with pre-
"X 0110100101 and the 3-bit dimension which is in
bold. The pre x assaiated with entry de ned by in-
dex 5 is de ned as 01101110101, i.e. the dimension
bits (in bold) replaced with the binary represena-
tion of 5 (101). For a dimension consisting of 3 bits,
its jump table has 2° = 8 entries, eath with a di®er-
ent index ranging from O to 7.

Jump Table Example Consider again the network
in Figure 1 and the two bit dimension starting at
the rst bit. The jump table for zone E (with pre-
"x 010) in this dimension has the nodes responsi-
ble for the following pre xes:

Index | Pre x | Destination Zones

0 000 0000 and 0001 (nodesA and B)
1 010 010 (this node)

2 100 1000 and 1001 (nodesH and I)
3 110 1100 and 1101 (nodesK and L)

Jump TableConstruction Changesto a jump table in
a bit dimension are propagated with pings to neigh-
bors along bits of this dimension. A receiving zone up-
datesits jump tables aspart of the state reconciliation
procedure using zone versionsto selectthe latest des-
tination zone location. If B is the number of dimen-
sion bits, full jump tables are constructed in B ping
cycleson all zonesinvolved.

If dis the number of dimensions,eat with the same
number of bits, and n is the number of zones,then the
total number of destinationsin jump tables of onezone
is O(dn'=9) provided the di®erencebetweenthe longest
and the shortest pre x in the network is limited by a
constart.

4.3. Routing with Jump Tables

Considera pre x P and a hashley K. Let Kjp be
the pre x of K with the samenumber of bits asin P.
We de ne LexDist, the lexicographical order distance
betweenP and K, to be the bit string given by:

LexDist(P;K) = XOR(P; K jp)

Note that LexDist(P;K) cortains all zerosi® pre-
"X P includes hashkey K ; at a given momert there is
only one such pre x in a stable FPN network. We say
that a pre x P; reducesLexDist to a given hashkey
K comparedto pre x P, i® LexDist(Py;K) is before
LexDist(P2; K) in the standard lexicographical order.

Routing with jump tables tries to reduce LexDist
to the destination by attempting complete digit reso-
lution rst, and partial digit resolution second.If this
is not possible,the routing is done by resolving one bit



using neighborhood tables. In a network without fail-
ures this algorithm usesthe rst method only; bit res-
olution is usedonly for one hop when needed.

If all zonesusethe samedimension size, the maxi-
mum routing length is limited by the number of dimen-
sionsin the longest pre x provided there are no fail-
ures and jump tables are up-to-date.

4.4. Change of Dimension Size

FPN provides a medanism to increasethe dimen-
sion sizeon-line. It can be usedto keepthe number of
dimensions (and indirectly the path length) constart.
As nodesare addedto the system,a split may causethe
creation of a zonewhosepre x is longer than the num-
ber of dimensionstimes the dimension size (in bits).

When this happens, the dimension size is increased.

The zonere-arrangesits jump tables accordingto the
new digit size (with someertries initially empty), and
communicatesthe newsizeto neighbors through pings.
In response,the neighbors make their jump tables big-
ger, and further propagate the changewith pings.

Eventually, every node changesits dimension size,
soin this senseit is a global operation. However, this
changeis done lazily while the system cortinues nor-
mal operation. Moreover, ead node changesits dimen-
sion sizeonly oncein ead period when the overall sys-
tem sizeincreasesby a factor of 2¢ whered is the num-
ber of dimensions.

The dynamic change of dimension size cortributes
to the ezxcient use of resourcesand overall system
longevity. This not only allows FPN to avoid pre-
allocating resourcesbasedon somemaximum size net-
work, but alsoallowsit to work in casethe systemhap-
pensto grow over that size.

4.5. Routing Exp erimen ts

We have simulated an FPN built of pnodeswith a
capacity of 1000keys eadh. The systemtries to main-
tain routing path length equalto 3, i.e. the number of
digits is 3 with ead digit dynamically increasedasthe
system grows.

We have simulated two scenarios.

2 A static network where ead node generatesreads
only.

2 A growing network. with equal number of reads
and writes generated per node. The writes 1l
up the nodes causing the system to grow until
it reachesthe maximum number of nodes shawvn.
The results are cumulative up to eady humber of
nodes.
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Figure 2. Path length in a growing network.

Figure 2 shaws path lengths in a growing network
with no failures. In this casethe 99% of messagesre
delivered in no more than 3 hops.

To investigate the e®ectsof node failures on routing
we failed simultaneously a fraction of nodesfrom 10%
up to 50%in stepsof 10%in a static network without
recovery.

Immediately after the one-time failure of a given
fraction of nodesthere is a stabilization period in which
information about failures is propagated with pings.

99th 50% ——

10

Path Length [hops]

Figure 3. Average and 99" percentile path length
in network with failures during stabilization. The
failure rate varies from 0% to 50%.

Figure 3 presernts the behavior of a stabilizing net-
work. The fraction of nodesfailed has limited impact
on the average path length. For a system of 20; 000
nodes, the averagepath increasedby about 25% (from
2.84to 3.55) when 50% of nodesfailed. The 99" per-



centile path length grows with the percertage of nodes
failed reaching 10 when half of the nodesfailed. In case
of a stabilized network (not shown here) the average
path length is similar but slightly shorter (increasing
to 3.48), with the 99" percertile path length reac-
ing 9 after half the nodesfailed.

5. Storage Utilization and Load Balanc-

ing

A system using a given load balancing scheme
reaches systemfull state when insertion of the next
hashkey cannot be performed due to the lack of space.
We say that the guaranteed utilization is U if a sys-
tem cannot be full if its utilization is below U. Note
that the guaranteed utilization di®ersfrom the utiliza-
tion at a given time; the latter can be lower than the
former if too few keyswere inserted.

We proposetwo techniques, lazy splitting and over-
subscription. Used together, they can guarartee a uti-
lization on the order of 80%. This guarantee not only
holds for the system'sertire lifetime (asit grows), but
is also achievable with only a modest increasein band-
width consumption.

BaseschemeA simple way to add a new pnode is to
pick a random key, determine the zoneresponsible for
it, split this zoneinto two new zones,and transfer one
of them to the new pnode. This scheme su®ersfrom
one big problem: randomly choosing the zoneto split
results in big inequalities in zones' areas (factors of
log(n) are possible,where n is the number of nodesin
the system). Thus, when we reach system full state,
somenodeswill be only 1=log(n) full, leading to poor
overall utilization.

Aggregation An improvemert to the base stheme
groups randomly selected zones into sets (of some
“xed cardinality N), with pnodes hosting ertire sets
of zones (as opposed to only one zone). For exam-
ple, a pnode with a 1TB capacity can host up to ve
zonesthat can grow to 200GB ead, giving a value
of N = 5. In this approac, a pnode has a num-
ber of slots of capacity given by the system-wide con-
stant SlotSize A zonegrowing beyond this limit must
be split.

Becausethe likelihood that many of the bigger zones
are grouped together is small, the ratio of the biggest
setload to that of the smallestset load is signi cantly
smaller than the ratio for individual zones.

Slots are similar to the virtual nodes used in load
balancing in a number of systems[13, 9], but the vir-
tual nodesdo not have a capacity limit themseles,the
only limit being that of the pnode. In [13] ead pnode
hostsa number of virtual nodesapproximately equalto

the logarithm of the number of nodes. Using this tech-
nigue, the utilization is between 50% and 60% for a
10000node system.

5.1. Lazy Splitting

This technique splits a zone only when it becomes
full. For a given number of keys, it results in the min-
imum number of zonespossible. Nodes added to the
systembeforea split is neededconstitute a freeslotre-
serve from which slots are usedwhen zonesare split.

Lazy splitting alone can bring the guaranteed sys-
tem utilization to 50%, sinceit is easyto seethat when
the system becomesfull the free slot resene must be
empty and ead node is at least 50% full. Unfortu-
nately, this is also a tight bound (a system can have
all nodesbut one half-full, and one node full).

To maintain the free slot resene, FPN arrangesthat
every node in the systemhosts at least one FPN zone.
When a new pnode is added, a zone from a \donor"
pnode hosting two (or more) zonesis transferred there;
from sud pnodes, the one with the highest number of
zonesis preferred in order to limit the imbalance.The
seart for a donor is not global; only up to a xed num-
ber of pnodesare contacted.

If the systemis lightly loaded, it is possiblethat no
pnodeswith two zonescan be found, in which casewe
allow an eager split of the biggest zone found. It can
be shawvn that the bound on the guaranteed utiliza-
tion introducedin the next section doesnot changeif
ead pnode can have at most one eagerly split zone;
having two eagerly split zonesis clearly not necessary
since the same zone can be eagerly split many times
(each time one of new zonesis transferred to a new pn-
ode). Oncean eagerlysplit zonebecomedull, it reverts
to being a 'normal’ zone.

5.2. Oversubscription

To adhieve utilization higher that 50%, eat pnode
can hold more slots than would actually 't givenits ca-
pacity (i.e. pretend to have more spacethan it's actu-
ally available). The key obsenation is that, if the zones
residing on a node are lightly loaded (as most of them
are when the utilization is low), there is enough stor-
ageon the node to host extra zones.Consequetly, we
modify the aggregation technique so that a node has
2E£ N j 1 slots, where N = C=SlotSize and C is the
node's capacity. When the pnode becomesfull before
any of its zonesis full we perform a transfer as de-
scribed in Section 3.

It canbe shown that the lazy splitting with the over-
subscription can guarantee utilization (N j 1)=N.



For N = 5 this results in a guaranteed utiliza-
tion of 80%. This scheme can be easily applied to
heterogeneous networks by assigning to ead pn-
ode a nhumber of slots equalto (2 £ Npoge | 1) Where
Nnode = bCrode=SlotSizec. The guaranteed utiliza-
tion for such systemis given by (N j 1)=N, where N
denotes the average (over the entire network) num-
ber of slots per node.

Since the guaranteed utilization is independert of
the system size, a credit-debit system can be run lo-
cally: after a given amount of storage is cortributed
locally, new data can be inserted there up to the size
equalto the guaranteed utilization times the sizeof the
cortributed storage. This not only allows local admin-
istration of the system,but alsoreducesthe bandwidth
requiremerts comparedto adding nodesonly when sys-
tem is full.

5.3. Utilization Exp erimen ts

In these experiments we subjected the system to
hashkey insertion (write) and measuredthe utilization
and the transferrate obtained by various load balanc-
ing techniques. The transfer rate is de ned as the ra-
tio of the number of key transfersto the number of keys
stored in the system. The transfer number includes all
hashkey moves due to either insertion (write) or zone
move sincethe start of the system.

While the order in which nodesor keyswere added
doesnot in°uence the utilization, it hasabig impact on
transfer rate. At one extreme, all the nodesare added
to the system before any key is inserted. Since splits
and transfers executedeagerly by empty zonesdo not
move any data, the only data transfer is causedby (sub-
sequer) write operations, thus providing the best-case
scenario.Each writes generatesone transfer; thus, the
lowest possible transfer rate is 100%. The other ex-
treme is when pnodes are added only when the sys-
tem becomesfull. This forcestransfer zonesfrom pn-
odesthat Tled up to pnodeswith enoughfree space.

Bene ts of Oversubscription Figure 4 shows the uti-

lization and worst-casetransfer rate with and without

oversubscription as a function of the number of nodes
in a systemwhen N = 4 for ead node. In suc case,
the theoretically proved guaranteed utilization for over-
subscription is 75%, and the measuredutilization min-

imum is 85%.

Disadvantagef Oversubscription Increasingthe num-
ber of zonesper node leadsto a larger fraction of node's
storage dedicated to various structures (such as neigh-
borhood and jump tables) neededfor ead zone. This
problem is shared by the simple aggregationscheme.
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Figure 4. Utilization and transfer rate forN = 4

Figure 4 shows another cost - extra tratc caused
by evicting zoneswhen nodes becomefull. Compared
to the basecasewithout oversubscription, the average
transfer rate increasesby about 12%from 1:75to 1:95.
The next sectiondescribesoversubscriptionwith thresh-
old, a technique providing the same guaranteed uti-
lization with lower bandwidth requiremerts. Note that
oversubscription doesnot have a \bandwidth penalty"
for read operations; thus, in a system with 80% reads
and 20% writes, the increasein bandwidth consump-
tion is about 2.4%.
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Figure 5. Transferfor N = 4 at various utilization
thresholds.

Oversubscription with Threshold The bandwidth
penalty can be reduced by adding pnodes when some
target utilization is reached. Figure 5 shows the trans-
fer rate for N = 4 and various utilization targets. The
graph shaws only the transfer rate since the guar-
anteed utilization coincides with the threshold ex-
ceptin the \no threshold" casewhich hasa minimum
of 85% (seeFigure 4).
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Figure 6. Transfer for various N when utilization
is limited to 80%.
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Figure 7. Impact of search for a transfer target,
N = 4, 80% utilization threshold.

Impact of Number of Slots Figure 6 shows the transfer
rate when we vary the number of slots for the same
guaranteed utilization (80%). The results show that
higher N generate lower tratc for the same utiliza-
tion.

The experiments suggestthat we should rst de-
cide the desiredguaranteed systemutilization and then
derive the minimum value of N from the formula
U= (N 1)=N. At the cost of more state per node, N
can be further increasedto reduce bandwidth require-
merts.

Impact of Non-glokal Search for Transfer Figure 7 com-
paresa theoretical systemin which the transfer target
is located with the perfect global knowledgeagainstan
actual system with the transfer set limited to 100 el-
emerts on ead pnode. Compared to the global case,
the local stheme has a somewhathigher (6%) transfer
rate, and occasionally lower utilization, shawing that

local searh producesacceptableresults.

Impact of Node Capacity Figure 8 shows the impact of
node capacity on the transfer rate. Using N = 5 and
an 80% threshold, we have varied the capacity of the
nodes up to 1 million keys per pnode. With growing
node size, the transfer rate increasesslightly; this ef-
fect is negligible when pnode capacity increasesfrom
32,000to 1,000,000keys.
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Figure 8. Impact of node capacity, N = 5at 80%
utilization.

6. Related Work

6.1. Network Construction and Routing

FPN is the rst DHT that can e®ectiely main-
tain xed routing lengths while the system grows. Ke-
lips [3] routes messagesn a xed number of steps, but
only for a static system size. In Kelips node%are di-
vided into k a+nit y groups, and whenk is O(" n) the
path length is O(1). As a result, Kelips can deliver
“xed path length for eadh target system size, but un-
like FPN, it cannot maintain "xed path lengths while
the systemgrows. Moreover, the designis not intended
for large size, sinceits memory consumptionis O(" n)
with an extremely large constart (approximately equal
to the number of “Tes stored on one node). This is be-
causeead node in an atnit y group keepspointers to
all ‘Tes stored on all other nodesin the group.

FPN is related to Internet address classi cation
CIDR [10Q] in dividing a spacespannedover bit vector
into disjoint subspacesrepresened by variable-length
pre xes.

Plaxton et. al [8] proposed an object location al-
gorithm based on pre x routing. This scheme does
not handle node failures, additions and deletions. Pas-
try [11] and Tapestry [4, 15] extend Plaxton proposal



by addressingthese shortcomings. FPN bears resem-
blance to these systemsas the key is divided in digits
and the routing is donein generalby resolvingthe next
digit. Howewer, in Tapestry and Pastry neighbors are
de ned for all valuesof a given digit provided they ex-
ist, whereasFPN maintains fewer neighbors sincethey
are de ned by bit position, not multiple digit values.
As a result, neighborhood information is easierto col-
lect and keep up-to-date in FPN. Routing tables for
Tapestry and Pastry are similar to FPN's jump tables.
Howewer, jump tables are useful but not required for
routing, whereasthe routing tablesin thesetwo DHTs
are necessaryLast but not least, digit sizein the FPN
is variable which allows for maintaining "xed number
of hops asthe network grows in size.In both Tapestry
and Pastry routing path length grows logarithmically
with the number of nodes.

In CAN [9] nodes are assigned zones in a
d-dimensional torus where the number of dimen-
sions d is constart for the ertire system. The rout-
ing takes O(dn'*%) steps and eac node keeps O(d)
links. FPN has symmetrical complexities in rela-
tion to CAN - an FPN network with jump ta-
bles has O(dn'™) links and the routing takes d
steps where d is the number of digits. eCAN [14] ex-
tends CAN to achieve O(log n) routing independert
of d.

Chord [13] and Kademlia [7] are DHTs in which
routing takes O(log n) stepsand ead node maintains
O(log n) links.

Finally there are DHTs with constart num-
ber of links, and routing messagesn O(log n) steps.
Viceroy [6] topology combines approximate butter-
°y network and rings of predecessorand successor
links. The routing takesO(log n) stepswith the num-
ber of links equal to a small constart (7 in this
case). Koorde [5] is a variant of Chord maintain-
ing only two neighbors per node and routing in
O(log n) steps.

6.2. Load Balancing

A basic load balancing technique in P2P is to keep
multiple zones(virtual nodes) per one pnode. Chord
proposesto keepO(log n) zonesper node. This scheme
ensuresthat with high probability the number of ob-
jects per node is within constart factor from optimal.
However, this still can lead to poor minimum utiliza-
tion. Rao et. al [8] proposese\eral load balancing algo-
rithms for P2P systemsin which highly loaded pnodes
transfer keysto lightly loadedonesuntil load balances.
They can achieve high utilization, more than 90% with
less than 50% data transferred. Unfortunately, they

consideredstatic network only, so it is not clear how
often one will have to balancethe load while the sys-
tem grows. As a consequencethe total cost of contin-
uous load balancing in terms of bandwidth consump-
tion cannot be inferred. Moreover, they do not investi-
gate the utilization during lifetime of the system.

PAST [12] is a e storage on top of Pastry. The
achieved utilization rates are quite good, in excessof
90%, however at the price of somele insertion fail-
ures. The results reported there are not directly com-
parable to this work for seweral reasons:the experi-
mert in the PAST casehas beenmeasuredfor a xed
con guration of 2250nodeswithout looking at utiliza-
tion while the systemsizegrows; the ertities stored are
variable-size Tes versus xed-size keys used for FPN
experimerts; and in FPN caseno insertion failure is
tolerated.

Another load balancing scheme is presened in [1],
in which an object is mapped to a small constart num-
ber of peersrather than to a single peer, by using dif-
ferernt hashfunctions. The insertion is doneon the peer
with the lowest utilization, and redirection pointers to
it are inserted on all the others. Becausethe redirec-
tion pointers need update when the network changes,
the schemeassumesghat keysare re-published period-
ically.

7. Conclusions and Future Work

We introduced a new DHT called Fixed Pre x Net-
work (FPN) designedspeci cally for future commercial
applications built with the P2P paradigm. Exploiting
the assumptionthat the resourcesusedin this network
are dedicated,we build FPN nodeswith rich connectiv-
ity, resulting in "xed path lengths for extremely large
range of network sizes.The short routing path is main-
tained evenin the faceof large fraction of failed nodes.

We introduced also a new storage load balancing
scheme called oversubscription used to ensure high
guaranteed storage utilization on the order of 80% for
ertire systemlifetime by following simple rules locally
about when new storage should be added This scheme
hasonly a small extra costin bandwidth consumption.

Unlike most of the related work, we have evaluated
our system throughout the ertire system lifetime in-
stead of focusing on one speci ¢ system size. Our de-
signis able to maintain "xed routing paths and deliver
guaranteed utilization while the system grows.

Short routing paths are critical for user acceptance
in commercialworld wherea good level of performance
is expected. Ensuring high guaranteed storage utiliza-
tion while limiting bandwidth consumption is abso-
lutely necessaryfor commercial viabilit y of the result-



ing systemsif thoseresourcesare not free, asis the case
for intended applications.

In the future we plan to extend the FPN to handle
real world problemslike network partitions and usethe
extendeddesignasa platform for a prototype of one of
possiblecommercial applications.
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