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Abstract—In this paper, we propose a simple and efficient
mechanism for self-configuring semi-structured overlay navork
for heterogeneous peer-to-peer systems with no global kndedge.
The overlay network is constructed as a hierarchical graph
based on peer power which is an aggregate measure of availabl
resources. We use index based, random walk JOIN and LEAVE
protocols to build the overlay network in which node degree
and workload correspond to its peer power. We also propose

an index based query scheme for peers to search documents in

the network. Performance studies demonstrate that the propsed
self-configuration protocol and search scheme are efficierdnd
viable. The self-configured P2P system has significantly lav
query cost than traditional Gnutella-like P2P systems. Wetrther

propose a caching assisted query mechanism where query rétu
are cached by intermediate nodes along the search path, thelny
exploiting the surplus storage power of the peers and furthe
improving query efficiency. Caching assisted query permitsa
quicker response to subsequent queries for popular data whiout
incurring the excessive overhead of globally replicated déectory
information. Our experimental study reveals that the caching
assisted query provides an additional reduction of up to 40%n

messages needed per query.

Index Terms—P2P, Peer power, Self-configuration, Index based
search, Caching assisted query, Overlay networks

I. INTRODUCTION

been implemented in latest P2P systems such as Gnutella [11]
and FastTrack [12]. These techniques improve the efficiency
and scalability of the unstructured networks, but do not-com
pletely address the problem of varying node capabilitidse T
distinction between a normal and superpeer in these systems
discrete and binary, and does not match the actual distribut
of node capacities. Another approach to address the network
heterogeneity problem is proposed in Gia [13]. Gia is an
extension of Gnutella. It incorporates several technigues
compensate for the heterogeneity of the underlying network
and the poor scalability of classic Gnutella. Nonethel#ss,
cost in terms of network resources of this method is unclear
and replying on random walks for searches increases latency
and reduces hit count and may cause false negative responses
In this paper, we propose a new protocol for self-configuring
and searching P2P networks, based on our observation that
it is possible to exploit the natural heterogeneity of P2P
networks to optimize searches without requiring a globally
consistent view. Our objective is to coerce a hierarchical
network structure using simple protocol and heuristicgriee
distribution of the nodes in our proposed network tends to be
non-uniform so that a small number of highly connected nodes
constitute the “core” of the network and act as hubs through

Efficient self-configuration and query mechanisms are pfivhich the weaker nodes of the network are connected. Such

mary issues in heterogeneous peer-to-peer (P2P) systemsetwork can be searched more efficiently than a standard
Most existing P2P systems rely on a structured network tmstructured Gnutella network as demonstrated in [5]. We
route the data, generally using a variant of Plaxton’s prefinust note here that the proposed network is essentially un-
based routing algorithms [1] or distributed hashing [2].th¢ structured, because it does not restrict the location adrerg
other extreme, pure unstructured systems, such as thealrighodes. The workload of message handling on each node in
Gnutella [3], permit any peers to connect to each other, atite resulting overlay network is comparative to node power.
randomly establish connections. Nodes join the network by first locating one node in a set of
Recently, quite a few schemes [6], [7], [8], [9], [10] havendex nodeswhose capacity exceed that of non-index peers,
been proposed to address the query efficiency issue in P2P syxl then following a random path away from that node, and
tem. Structured topologies such as HyperCuP and distdbufinally creating a link with the first available node. Searsh i
hashing mechanisms attempt to evenly balance load on @bo facilitated by the index nodes, which maintain a coteple
nodes in the network. These approaches seem to be appedaingctory view of the system. Queries reach an index node
by assuming all nodes are equal in capacity. However, aisalygom a source via a path of increasingly powerful nodes,
of real P2P networks [4] shows that the capacities of nodesand responses are propagated along a reverse path. Tor furthe
P2P systems vary widely. Hence weak nodes are bottleneckgmprove the query efficiency, we proposecaching assisted
such structured topologies. Furthermore, the relativaciiips querymechanism in which the intermediate nodes cache query
of nodes may vary as nodes enter and exit the network. Agsponses, and are hence able to immediately respond te futu
ideal P2P network should be able to dynamically adapt to tqeeries. Thecaching assisted querscheme avoids requiring
changes and adjust the role of existing nodes. for all queries to reach all nodes without introducing false
To solve the problem, superpeer approaches in which swegatives.
perpeers act as gateways for weaker nodes in the system havihe rest of the paper is organized as follows: In section 2,



we proposed and discuss the self-configuration protocals an  available resources, such as bandwidth, cpu power, or
guery mechanisms. In section 3, we use simulation to exaluat memory.

the feasibility of our proposed protocols, and to demomstra 2) Weakest Component Dominat8$e capacity of a sys-
the performance advantages of using these protocols in P2P tem is limited by the weakest component of the system.
networks. We give our concluding remarks and discuss future3) Uptime The only available estimate of a node’s stability

studies in section 4. is its uptime. The stability does not directly impact the
capacity of the node, but rewarding nodes with a high
Il. SELF-CONFIGURATION PROTOCOLS ANDQUERY uptime is effective in practice_
SCHEMES

With these considerations, we propose the following foamul
Establishing random connections as that in the Gnutefla compute the peer power of a node

protocol is not an effective way to guarantee low diameter

and connectedness in an unstructured P2P network [14]. Our PP(7) = MIN(a - lg(BW/BWinin),

approach is a natural extension of the superpeer mechanism, B-1g(CPU/CPUpniy),
whereby the nodes with higher capacities serve as redundant v - lg(RAM/RAM, ;1))
indices to store global data. The network is constructedhab t FMAX(0,6 - lg(TIME/TIM Epin)) (1)

it tends to form a hierarchy, with the most powerful nodes
near the centroid. This structure permits efficient seareimel This formula captures the available parameters into a singl
avoids the hot-spot problem, as the workload carried by & naghitless value which can be used to differentiate among the

corresponds to its capacity. capabilities of nodes on the network. Peer power directly
corresponds to the number of connections a node can support.
A. Index Nodes The coefficientsy, 3, v, § are used as weighting factors. Their

An essential feature of our proposed P2P network is thalues can be identified through experimental studies.
notion of index nodes. The set of index nodes Iis=
{n|Vz € N(n),pp(z) < pp(n)}, whereN(n) represents the
neighborhood of:, andpp(n) stands for peer power of node JOIN and LEAVE are the two fundamental operations in
n. Each index node maintains secondary connections witle network self-configuration process. A node uses the JOIN
all other index nodes, which are used for message routiageration to enter the P2P network, and the LEAVE operation
but is not used in the index node selection. This architectuo exit. The JOIN protocol uses a random walk originating
guarantees the graph is connected, since any node either ifram one of the index nodes toward the edge of the overlay
index node or can reach an index node via a parent. In tigtwork to locate a peer for an incoming node. As used before,
network, broadcasting can be facilitated by sending a ngessaV (n) represents the neighborhoodfin our algorithms.
upstream to an index node, disseminating to all index nodes,
and then sending downstream to all other nodes. JOIN: Node n is joining network G.

C. Network Configuration

B. Peer Power

The goal of our self-configuration scheme is to guarantéedorithm 1 Link _Creation
that the number of messages handled by a node must corz transmit link request to any existing node
respond to its capacity. A reasonable approach is requiringVhile »’ is not an index nodelo
that the degree of a node in the network is comparative 7' selects random parept
to its capacity, and that high capacity nodes exist near the n’ passes link request to
center of the network. To facilitate this approach, we define let n'=p
peer poweras the metric for measuring node capacity. Peer€end while
power is a unitless aggregate measure of the resources ift’ Selects random index node
a peer node. It is used to determine the node’s capacity tdet n' =i
accept links and process messages. Our approach transcendidile degree(n’) >= capacity(n’) do
the traditional superpeer concept by categorizing peets wi  if ' is an edge nodéhen

much finer granularity. Peer power is a node’s own estimate link creation fails; return
of its capacity to host connections. Although it is impoksib else

to quantify the relevant performance of computers abslylute n’ selects random child
it is possible to define consistent heuristics so that simila n' passes link request ©
machines advertise similar values and the relationshipngmo letn’ =c

values corresponds to true performance difference. Theanet ~ end if

should reflect three facts: end while

p .
1) Diminishing ReturnsThe connection capacity increase_" creates link ton

tends to be sublinear with respect to an increase in




Algorithm 2 Node_Join
n calls Link _Creation M IN times
if Vn' € N(n), capacity(n) > capacity(n’) then
locate indexi using path of random parents from a
random node in the network
if number of indices less thdm|V,| then
n becomes index
else
n creates link toi
if degree(i) > capacity(i) andi has a childe with
two or more parentthen
i severs link withc
end if
end if
end if

When a new node: wants to join the P2P network, it Fig. 1. A basic network.
contacts any existing node’ € V,. n’ transmits a message
contalnlng.the gddr_ess mf.to a rgndom index nodg wh|c_h Algorithm 3 Node_Exi
creates a link with if possible. Ifi is already at full capacity, - : : S— . .
the message is transmitted to another index at random, and transmits exit notification to an index node via path of
then downward using the random walk method, and the firstrandom parents. indices transmit cache invalidate message
node which is able to do so creates a link withThe links @S nhecessary.

created using this mechanism are as close to the core nodd§ ' n' € ' Cf}“dre”(”) ' and Ve €

as possible. This approach can minimize network diameter,Cth/dTeT_‘(”)aCapac“fy(”) >= CC‘PC_‘CWU(C_) then

and reduce load on the weaker edge nodesvill request Z _?X'ts network, and creates links with all peersrof
end i

up to MIN connections from the P2P network using the °
same mechanism, whete/ N is the minimum number of If degree(n’) < MIN then o
neighbors required for a nodeifhas no parents after creating ~ USeLink Creation on »’ to reassert invariant
MTIN links, it must become an index or create a link with one._€nd if
The naive approach of making an index node out of each node
which does not have a parent is infeasible as the number of
such nodes grows linearly with the size of the network. Rath@nd the process is propagated toward the edge of the network.
the number of indices is latched to a maximum valeg|V,|. Sincec is a child of n, its capacity is likely to be lower
If a new node would cause this limit to be exceeded, the noth@n that ofn, and so the operation may overload If n
locates and creates a link with an existing index. Sinceethe&as an index node; now becomes an index node and forms
additional links may overload the indices, an overloadeidin Secondary connections to all other indicesnlfvas an edge
node may drop an existing link to a node that has anothHe@de and hence has no children, any of its neighbors whose
parent. link count falls below MIN must create new links following

A simple network with two index nodes is shown in Figuréhe JOIN protocol. Thus each node is required to be aware
1. The number in a node represents its peer power. Tﬂ%thew neighbors as well as their parents. An announcement
solid lines demonstrate parent/child peer relationshigere of the failure ofn must be transmitted to the indices via a
the node with a higher peer power is the parent node. TH#dom upstream path to invalidate any cached information o
secondary connection between indices is represented by ifRdfiles. If [N (n")| < MIN, wheren’ was a neighbor of,

dashed line. n' follows the JOIN protocol to establish new links
The topology of the network in Figure 1 following the
LEAVE: Node n leaves networkG deletion of node 4 is demonstrated in Figure 2. The stronger

child, node 8, has assumed the links formerly held by node 4.
When a noder’ € N(n) detects failure of node due to
connection timeoutNode Exit is called. The failure of a node
is detected by its neighbors as a dropped connection. UporA primary objective of the P2P network is to efficiently
detecting the failure of,, its strongest non-overloaded chitd locate files with reliable queries. In practice this meang an
will drop its existing connections and create connectioith w node must be able to obtain an accurate directory listing and
all of the neighbors ofi, thus preserving the local structure ofile metadata with minimal latency. Piecing together a view
the network.c in turn must be replaced by one of its childrenof the namespace by querying every node on the network is

D. Caching Assisted Query



filename | owner source interested childrer

Fig. 3. Cache line.

cache invalidate message is unnecessarily expensive.eHenc
it is necessary that each node retains a list of children who
have requested information on a given file, and forward
invalidate messages to those children only. Because lirdgs m
be severed to avoid overloading indices and nodes may fail,
the partial-broadcast invalidating messages may be presgen
from reaching their destination. To avoid leaving staleheac
lines in the network, each cache line must contain the source
node from which the information was acquired, and in case
the link is severed, that cache line can still be invalidated
The caching assisted query and invalidating mechanism work

Fig. 2. Network following removal of node 4. as follows:

SEARCH: Node n tries to locate file F.

clearly infeasible; a complete view must be obtainable froMlgorithm 4 Search

some well known sources. A simple approach is to rely on thewhile n is not an index and: has no cache line fofF' do

indices to respond to every directory query. To achieveyjuer n selects random parept

efficiency, the index nodes maintain a complete view of tee fil letn=p

system. Most events in file sharing P2P systems are reads, anehd while

directory queries outweigh updates, and so caching dingcto if n has cache line fof" then

data is advisable. Taking advantage of the hierarchicalreat transmit affirmative query response along reverse path to

of the network, each node maintains a view representing the source; create a cache line fér in each intermediate

union of its descendants. A query is propagated upstream node.

until an authoritative response can be made at an index nodezlse

The response is unicast along the reverse path back to the transmit negative query response along reverse path to

initial query node, and each intermediate node caches the fil source.

information. Future queries for the same data in the sameend if

region of the overlay network may henceforth be serviced

without accessing the indices. This caching assisted queryynen a query for fileF is issued in node:, it passes the

approach exploits the storage power of nodes to enhangg.y via a random upstream path. Any ancestor which has a

network functionality. cache line forF” responds with a unicast message, and appends
The information cached in the intermediate nodes regarditig child from which the query was received. All nodes on

a file must contain at least four fields as shown in Figure the reverse path cache the response to benefit future queries

The file name is a key by which queries are matched, apghen creating a cache line, the node informs the parent from

the owner identifies which node holds the requested file. bhich the response was received. If the link to that parent

source field indicates which parent this cached informatigg ever severed, or an invalidate message for the cache line

was obtained from, and a list of interested children indisatis received, the node forwards an invalidate message to any
which children have requested information regarding tree filchildren which have requested the cache line.

The latter two fields are necessary to ensure cached data can network with two files, f2 at node 3 and f1 at node 8,
be effectively invalidated when the file is removed or a lisk ijs jllustrated in Figure 4. The indices and the nodes which
severed, as described in the following paragraph. We showglgn the files maintain cache line at all times. The informatio
note that the cache line is very small and will not take muciached by intermediate nodes following a query for f1 by Node
disk space from the peer nodes. A comparable approach7igre shown in Figure 5. The message is transmitted along a
used by web browsers, which rely on cookies to assist querigddom upstream path, via node 4, to an index node which
or session maintenance. provides a response along the reverse path. Nodes 7 and 4

When a file is deleted, or the node that holds the file failsreate cache lines indicating node 8 is the owner of f1. Node
the cached information regarding that file must be purgddadds node 4 and node 4 adds node 7 as interested children.
from the network. Since only part of the network is likely Using the self-configuration protocols and search mecha-
to have cached data regarding the file, broadcasting a globams, the semi-structured P2P network distributes thekwor
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Fig. 6. Messages processed vs. peer power.

goal is to empirically examine that the workload in a node,
as measured in messages processed, corresponds to its peel
power. Third, we want to study the network performance en-
hancement achieved by our self-configuration protocoklfin
we evaluate the improvement of query efficiency contributed
by caching.

The quality of the self-configured network was measured by
observing the eccentricity of the indices, as it is an intdica
for expected search latency and a reasonable estimate of the
graph diameter. We also measure the number of messages
processed by each node due to node creation, node exit, or
search event, and compute the number of queries and query
responses with caching enabled or disabled.

A. Simulation Model

We assume an evolving network similar to that in [6].
The arrival of nodes follows the distributiop(arrival <
t) = Ae~ ™! and the lifetime of nodes follows distribution
Fig. 5. Network following a query for f1. p(lifetime < t) = Ape~*2t, where the number of nodeé =
ﬁ—f. This memoryless distribution is a reasonable model for a
P2P network since nodes presumably are acting indepegdentl

load comparative to node capacity distribution. Since r@ad It is sufficient to describe _the behavior of the network in an
erations are expected to outweigh updates, the cachirgﬁsiabsFraCt sense although this may not actually be the case, sin
querying reduces load on the indices. Unlike the approachf8f instance, the computers in a corporate network may be
globally replicating directory information, in our methodly rebooted on a fixed schedule or may be influenced by other
those nodes interested in a file cache its information. Ifea fiflobal events. _

is unpopular, its data will not be frequently cached, redgci Ve @lso assume that the peer power of each node, indepen-

the overhead of unnecessary cache invalidate messages. dent of the arrival time and duration, is uniformly distried
with a meanu. A uniform distribution assumes that newer

Ill. PERFORMANCESTUDY nodes are not more powerful simply by virtue of being newer.
To verify the feasibility of our protocols and algorithms;The peer power of a node is assigned when the node is created,

we use a discrete event simulation to evaluate our proposewl remains static through its lifetime. We further assuinee t
P2P network. The effectiveness of such a P2P network canrb@mimum degree of nodes i/ /N. The parameters used in
measured in several different ways. In terms of the JOIN attlle measurements wege= 15 and MIN = 6. All results
LEAVE operations, we are most interested in confirming thare averaged over five trials.

the diameter of the network remains low, and that strong sode 1) Relationship of peer power to node workloadhe
migrate toward the graph centroid as anticipated. The skcability of the networks to distributed workload in propertito
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section II-C, the number of index nodes is boundedmy|,
and index nodes accepted overload connections if an exeessi
number of locally maximal nodes were created. As Figure
7 shows, the eccentricity of the index nodes is logarithmic
with respect to network size when the index based JOIN and
LEAVE protocols are used. Overload forces a workload on
nodes whose capacity is exceeded and reduces performance.
So we must minimize the degree of overloading a node.
Figure 8 illustrates the highest degree to which a node in
the network was overloaded after 500000 ticks with= AZ =
100 to 1000. When using our JOIN and LEAVE protocols no
node was forced to accept more than five links in excess of its
01 ; ; ; ; ; - ; ; capacity. On the other hand, using a policy of creating links
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Fig. 8. Node overload.

with random peers forced in excess of a hundred overload link
to some nodes. The simulation results show that our index
based JOIN and LEAVE protocols are effective and necessary

in order to minimize node overload.

3) Effectiveness of index based queri&nutella-like un-
peer power was studied by measuring the number of messagesctured networks suffer from costly searches because
processed as nodes enter and exit the network. The sinlatgieries are untargeted. If the possibility of false negatiis
was run for 1000000 ticks with an expected number of nodgaacceptable, search distance cannot be limited by a maximu
N = 42 = 5000. During each tick, nodes may arrive with ahop count or time to live of the query message. Rather, all
probability based on the arrival distribution, or departhiéir nodes on the network are required to receive every query.
time to live reaches zero. The relationship between the peSihce nodes in an unstructured P2P network are not aware
power and the number of messages processed is illustrate@fimetwork topology, they must forward all messages to all
Figure 6. Each bar of the chart shows the total humber ﬁéighbors_ As a result, every node receiviegree(n) — 1
messages received by all nodes with a particular peer powsipies of query messages for every query, so search cost is
Higher workloads in the network are located at those nod@sear in terms of network size, with a high coefficient. On
which are most able to handle the load, indicating the nédtwothe other hand, relying on a set of index nodes to respond
topology matches the variance in capacity of its nodes.  to queries reduces query cost to the number of hops needed

2) Effectiveness of index based join over random join prée reach an index node from a source node. To illustrate the
tocol: Message handling latency and the number of involvirgdvantages of our proposed self-configuration protocots an
nodes are dependent primarily on the distance of nodes fromr index based searching mechanism, we perform a series
the indices. The effectiveness of our index based randork walf simulated searches in our self-configured P2P network. We
JOIN/LEAVE protocols described in section 1I-C was evalualso run the same searches on a Gnutella-like randomly built
ated by comparing to a Gnutella like approach whereby linketwork with blind breadth first searches. A network with
are simply created to random existing nodes. As discussedNh= 500 nodes was generated, and “files” were inserted at



! ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ to search documents in the network. Performance studies
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S ’ search scheme are efficient and viable. The self-configured
ot XXX Ty 1 P2P system has significantly lower query cost than tradition
Gnutella-like P2P systems. Furthermore, we propose amgchi
=T | assisted query mechanism where query results are cached by
intermediate nodes along the search path, thereby exgoiti
the surplus storage power of the peers and further improving
query efficiency. Caching assisted query permits a quicker
response to subsequent queries for popular data without in-
curring the excessive overhead of globally replicatedating
information. Our simulation results show that the caching
assisted query provides an additional reduction of up to 40%
100 200 200 20 500 500 700 300 w0 w00 1IN Messages needed per query.

File Lifedme Currently we are studying the viability of our proposed
Fig. 10. Cache assisted queries. measure of peer power by measuring the actual performance
of systems in comparison to their predicted capacity based o
the peer power estimate. We will also investigate extentling

caching assisted query to consider file replicas, and imotud

random nodes at random intervals with a mean of 1000 tick§e metadata in the cache line to avoid unnecessary contact
A query for a random file is issued from a random node g the file owner. Finally, recognizing that some files are
each tick. Fl_gurg 9 s.hows the total number of query, reSRONGEuired by virtually all nodes but rarely changed (for amste,

and cache invalidating messages handled per query throughirectory listing for /), a global replication mechanisamich
100000 ticks. The lifetimes for a file ranged from 100 t0 100§is¢ributes updates of such files to all nodes in the network,
ticks following creation. When lifetime of a file expireswas il be considered.

purged and an invalidate message was passed to any intereste

nodes. As demonstrated by Figure 9, the average number of REFERENCES
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