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Abstract only. Super-peer networksuch as Morpheus [13] (by
far the most popular file-sharing system today) present a

A super-peeiis a node in a peer-to-peer network that operatggoss between pure and hybrid systemsuper-peeis a

both as a server to a set of clients, and as an equal in a netweglfje that acts as a centralized server to a subset of clients.

of super-peers. Super-peer networks strike a balance betw, Rnts submit queries to their super-peer and receive re-

the inherent efficiency of centralized search, and the autonorge/l(Jts from it, as in a hybrid system. However, super-peers

load balancing and robustness to attacks provided by distribuie | nnected t h other rsin ] tem
search. Furthermore, they take advantage of the heterogen%[t also _CO ectedloeacho . €ras peers In a pure syste
, routing messages over this overlay network, and sub-

of capabilities (e.g., bandwidth, processing power) across peérs;’. ) ; P
which recent studies have shown to be enormous. Hence, ABting and answering queries on behalf of their clients
and old P2P systems like Morpheus and Gnutella are adoptiad themselves. Hence, super-peers are equal in terms of
super-peers in their design. search, and all peers (including clients) are equal in terms
Despite their growing popularity, the behavior of super-peef download. A “super-peer network” is simply a P2P
networks is not well understood. For example, what are thetwork consisting of these super-peers and their clients.
potential drawbacks of super-peer networks? How can supera|though P2P systems have many strengths, each type
peers be made more rgliable? _How many glients should a sURRTsystem also has its own weaknesses. Pure P2P sys-
peer take on to maximize efficiency? In this paper we examifigs tan to be inefficient; for example, current search in

super-peer networks n d.Eta'l’ gaining an understanding of th, hutella consists of flooding the network with query mes-
fundamental characteristics and performance tradeoffs. We also

present practical guidelines and a general procedure for the yages. Much existing res_eamh ha_s focus_ed on improving
sign of an efficient super-peer network. the search protocol, as discussed in Section 2.

Another important source of inefficiency in pure sys-

tems is bottlenecks caused by the very limited capabili-
1 Introduction ties of some peers. For example, the Gnutella network

experienced deteriorated performance — e.g., slower re-
Peer-to-peer (P2P) systems have recently become a pgponse time, fewer available resources — when the size of
lar medium through which to share huge amounts of dathe network surged in August 2000. One study [21] found
Because P2P systems distribute the main costs of shhese problems were caused by peers connected by dial-up
ing data — disk space for storing files and bandwidth farodems becoming saturated by the increased load, dying,
transferring them — across the peers in the network, thayd fragmenting the network by their departure. Peers
have been able to scale without the need for powerful, @ modems were dying because all peers in Gnutella are
pensive servers. In addition to the ability to pool togethgiven equal roles and responsibilities, regardless of capa-
and harness large amounts of resources, the strengthiildf. However, studies such as [19] have shown con-
existing P2P systems (e.g., [6, 7, 14, 13]) include seffiderable heterogeneity (e.g., up to 3 orders of magnitude
organization, load-balancing, adaptation, and fault tola@fference in bandwidth) among the capabilities of par-
ance. Because of these desirable qualities, many resetinipating peers. The obvious conclusion is that an effi-
projects have been focused on understanding the isstiest system should take advantage of this heterogeneity,
surrounding these systems and improving their perf@ssigning greater responsibility to those who are more ca-
mance (e.g., [5, 10, 18]). pable of handling it.

There are several types of P2P systems that reflect varyHybrid systems also have their shortcomings. While
ing degrees of centralization. Ipure systems such ascentralized search is generally more efficient than dis-
Gnutella [7] and Freenet [6], all peers have equal rolegbuted search in terms of aggregate cost, the cost in-
and responsibilities in all aspects: query, download, ettirred on the single node housing the centralized index
In a hybrid system such as Napster [14], search is pés-very high. Unless the index is distributed across sev-
formed over a centralized directory, but download still oeral nodes, this single nhode becomes a performance and
curs in a P2P fashion — hence, peers are equal in downlsadlability bottleneck. Hybrid systems are also more vul-



nerable to attack, as there are few highly-visible targ& Related Work
that would bring down the entire system if they failed.

Because a super-peer network combines element%—f?re are several existing studies on the performance of

both pure and hybrid systems, it has the potential to co forid ?nd pure szli? zyrs;ems. Referingif [22] comlp ares
bine the efficiency of a centralized search with the autot © performance of hybrid systems with different replica-

omy, load balancing and robustness to attacks provided iR and server organization schemes. Several measure-

distributed search. For example, since super-peers ac tlsgtudleTshover tG';l_Jte”a’ alpgreﬂ?ytstem,f;nc:gde (4
centralized servers to their clients, they can handle que [19]. ese stu “|es conciu ? at an eflective sys-
tem must 1) prevent “freeloading”, where some nodes

more efficiently than each individual client could. How:- ¢ h itv without contributi d2) di
ever, since there are relatively many super-peersin a s € Irom the community without contributing, an ) dis-
ute work to peers according to their capabilities. In re-

tem, no single super-peer need handle a very large load, : X X .
nor will one peer become a bottleneck or single point gf’:\rds to the first point, systems such as MojoNation [12]

failure for the entire system (though it may become a b(?r—]d ofngoing retsearc? (tf? [g’ 8]) seek to (:\(:Ivell(op inctehn—
tleneck for its clients, as described in Section 3). IVES Tor users 1o contribute. Super-peer networks are the

i first attempt known to the authors to address the second
For the reasons outlined above, super-peer netwoptsn.

clearly have potential; however, their design involves per-puch research has also been focused on improving
formance tradeoffs and questions thajc are currentlly arch efficiency by designing good search protocols;
well understood. For example, what is a good ratio gf, example, Chord [20], Pastry [17], CAN [16], and
clients to super-peers? Do super-peers actually makgesiry [24] in the specific context of supporting point
s_earch more efﬂme_nt (e.g., lower cost, faster respOngferies, and [4, 23] in the context of supporting more
times), or do they simply make the system more stablggyressive queries (e.g., keyword query with regular ex-
How much more work will super-peers handle comparegassions). Each of these search protocols can be applied

to clients? Compared to peers in a system with No SUPRysuper-peer networks, as the use of super-peers and the
peers? How should super-peers connect to each othefygice of routing protocol are orthogonal issues.
can recommendations be made for the topology of the

super-peer network? Since super-peers introduce a single-

point of failure for its clients, are there ways to make the® Problem Description
more reliable?

In this paper, our goal is to develop practical guidelind® describe how a super-peer network functions, we will
on how to design super-peer networks, answering quékst give background on pure P2P networks, and then de-

tions such as those presented above. In particular, 86fibe what changes when peers in the pure system are
main contributions are: replaced by super-peers and clients.

e \We present several “rules of thumb” that summarize the
main tradeoffs in super-peer networks (Section 5.1). 3.1  Pure peer-to-peer networks

e We formulate a procedure for the global design of a P2P svst bmit . d . It
super-peer network, and illustrate how it improves t ga system, USers submit queries and receive resufts

performance of existing systems (Section 5.2). such as actual data, or pointers to data) in return. Data

e We give guidelines for local-decision making at ghared in a P2P system can be of any type; in most cases

super-peer to achieve a globally efficient network (Seégers share files. Queries can also take any appropriate

tion 5.3). orm given the type of data shared. For example, in a

e We introduce “k-redundancy”, a new variant of Supep_lel—(sharing systﬁm, qLIJeries migh.t be ulr;iquk(]a idzntiEers,
peer design, and show that is improves both reliabiligé eywords with regular expressions. Each node has a

and performance of the super-peer network. llection of files or ot_her _data to share. _
Two nodes that maintain an open connectionedge

By carefully studying super-peer networks and presentiggyyeen themselves are calleeighbors The number of
our results here, our goal is to provide a better U”derSta‘H@ighbors anode has is calleddtstdegreeMessages are

ing of these networks that can lead to improved systemg, ;ied along these open connections only. If a message

The remainder of the paper is organized as followseeds to travel between two nodes that are not neighbors,
Section 2 discusses related work. Section 3 gives a forrtadill travel over multiple edges. The number of edges
description of the search problem, and outlines the différaveled by a message is known ashitgp count, or alter-
ent parameters describing a super-peer network. Sectioratively, itspath length
describes the framework for analysis used to generate ouwWhen a user submits a query, her node becomes the
results, and Section 5 presents these results in the forngoéry source In the baseline search technique used by
guidelines. Gnutella, the source node will send the query to all of



its neighbors. Other routing protocols such as those
scribed in [4, 23] may send the query to a select subse .. .
neighbors, for efficiency. When a node receivesaqu /- | . ;
it will process it over its local collection. If any resultsa / 7 %
found, it will send a single Response message back tc ' " e
source. The total result set for a query is the bag ur “_ F '. ;
of results from every node that processes the query. gl . o
node may also forward the query to its neighbors. In iV ]
baseline Gnutella search, query messages are givee .
to live (TTL) that specifies how many hops the mess: (&) [ s]]
may take. When a node receives a query, it decremc...o

the TTL, and if the TTL is greater than 0, it forwards the.

. : igure 1: lllustration of a super-peer network (a) with no re-
query to all its r.lelghbors. The number of nodes that p gundancy, (b) with 2-redundancy. Black nodes represent super-
cess the query is known as tteachof the query.

. eers, white nodes represent clients. Clusters are marked by the
In some systems such as Gnutella, the location of

hed lines.
source is not known to the responding node. In this case,
the Response message will be forwarded back along the
reverse path of the query message, which ultimately leadstadata to its index. When a client leaves, its super-peer
back to the source. In the case where the source locativith remove its metadata from the index. If a client ever
is known, the responder can open a temporary connectiguates its data (e.g., insertion, deletion or modification of
to the source and transfer results directly. While the firsh item), it will send this update to the super-peer as well.
method uses more aggregate bandwidth than the seconideiice, super-peer networks introduce two basic actionsin
will not bombard the source with connection requests, addition to queryjoins (for which there is an associated
will the second method, and it provides additional beneflesave, andupdates

such as anonymity for the query source. Hence, in thiswhen a client wishes to submit a query to the network,

paper, we assume the first method is used. it will send the query to its super-peer only. The super-
peer will then submit the query to its neighbors as if it
3.2 Super-peer networks were its own query, and forward any Response messages it

receives back to the client. Outside of the cluster, a client’s

A super-peer network operates exactly like a pure P2P @y is indistinguishable from a super-peer’s query.

work, except that every “node” in the previous description gince clients are shielded from all query processing and

is actually a super-peer, and each super-peer is connegle@. \veak peers can be made into clients, while the core
to a set of clients. Clients are connected to a single supgyne system can run efficiently on a network of powerful
peer only. Figure 1a illustrates what the topology of & ner.peers. Hence, as mentioned earlier, super-peer net-
super-peer network might look like. We call a super-pegf, ks use the heterogeneity of peers to their advantage.
and its clients aluster wherecluster sizeis the number 55 as we will see in Section 5, the overhead of main-
of nodes in the cluster, including the super-peer itself. téining an index at the super-peer is small in comparison

pure P2P network is actually a “degenerate” super-pggknhe savings in query cost this centralized index allows.
network where cluster size is 1 — every node is a super-

peer with no clients. Super-peer redundancy. Although clusters are efficient,
When a super-peer receives a query from a neighbdguper-peer becomes a single point of failure for its clus-
it will process the query on its clients’ behalf, rather thai@r, and a potential bottleneck. When the super-peer fails
forwarding the query to its clients. In order to process tie simply leaves, all its clients become temporarily dis-
query for its clients, a super-peer keeps an index overégnnected until they can find a new super-peer to connect
clients’ data. This index must hold sufficient informatioito.
to answer all queries. For example, if the shared data ardo provide reliability to the cluster and decrease the
files and queries are keyword searches over the file tiflgad on the super-peer, we introduce redundancy into the
then the super-peer may keep inverted lists over the titiesign of the super-peer. We say that a super-pder is
of files owned by its clients. If the super-peer finds amgdundantif there arek nodes sharing the super-peer load,
results, it will return one Response message. This Rerming a single “virtual” super-peer. Every node in the
sponse message contains the results, and the addressrinfal super-peer is partnerwith equal responsibilities:
each client whose collection produced a result. each partner is connected to every client and has a full
In order for the super-peer to maintain this index, whéndex of the clients’ data, as well as the data of other part-
a client joins the system, it will send metadata over its calers. Clients send queries to each partner in a round-robin
lection to its super-peer, and the super-peer will add thiéshion; similarly, incoming queries from neighbors are



distributed across partners equally. Hence, the query lsadirce (e.g., as part of the protocol). We assume the actual
on each partner is a factor biless than on a single supereutdegrees will vary according to a power-law with this
peer with no redundancy. “suggested” outdegree as the average, since some super-

A k-redundant super-peer has much greater availabiltgers will be more able and willing to accept a large out-
and reliability than a single super-peer. Since all partnglggree than others.
can respond to queries, if one partner fails, the others may
continue to service clients and neighbors until a new part- .
ner can be found. The probability that all partners will faff  Evaluation Model
before any failed partner can be replaced is much lower
than the probability of a single super-peer failing. We will compare the performance of super-peer networks

However, super-peer redundancy comes at a cost. iN file-sharing application based on two types of metrics:
order for each partner to have a full index with which tt9ad, andquality of results
answer queries, a client must send metadata to each dfoad is defined as the amount of work an entity must
these partners when it joins. Hence, the aggregate cosi@fper unit of time. Load is measured along three re-
a client join action isk times greater than before. Alsosource typesincoming bandwidthoutgoing bandwidth
neighbors must be connected to each one of the partnansiprocessing powerBandwidth is measured in bits per
so that any partner may receive messages from any neggond (bps), processing power in cycles per second (Hz).
bor. Assuming that every super-peer in the network Bgecause load varies over time, we will be using mean-
k-redundant, the number of open connections increa¥@$/e analysis, described in further detail in the next sec-
by a factor ofk2. Because the number of open conne§ion. We treat incoming and outgoing bandwidth as sepa-
tions increases so quickly &sncreases, in this paper we'ate resources because their availability is often asymmet-
will only consider the case whefe= 2. Henceforth, we ric: many types of connections (e.g., cable modem) allow
will use the term “super-peer redundancy” to refer to trgFeater downstream bandwidth than upstream. As a re-
2-redundant case only. Figure 1b illustrates a super-p8éit, upstream bandwidth may become a bottleneck even
network topology with redundancy. if downstream bandwidth is abundant.

In terms of eliminating bottlenecks and reducing load, Some systems are efficient overall, while other systems
one may wonder whether a more effective method thBy be less efficient, but put a lower load on individual
redundancy would be to simply make each partner intégper-peers. Hence, we will look at battividual load,
super-peer with half the clients — that is, have twice tfiée load of a single node, as well aggregateload, the
number of clusters at the half the original size and no r@um of the loads of all nodes in the system.
dundancy. In this way, the individual query load on eachWe measure quality of results by thember of results
super-peer will be halved as with 2-redundancy, and tigfurned per query. Other metrics for quality of results
index will be half the size. Aside from the obvious los@ften includes relevance of results and response time. Be-
of reliability with this new method, splitting the cluster irfause relevance of results is subjective and application
two actually has the surprising effect of puttingeeater Specific, we do not use this metric. Also, our performance

load on each super-peer than in the 2-redundant casé&)aglel does not capture response time, although relative
result we will see in Section 5.1. response times can be deduced by other means, as seenin

) Section 5.1.
Topology of the super-peer network. Gnutella is the

only open P2P system for which topology information is )
known. In Gnutella, the overlay network formed by thé.1 Performance Evaluation

peers follows a power-law, meaning the frequefigyf We will be comparing the performance of differemn-

an outdegred is proportional tal®, wherex is some con- . . : S .
. figurationsof systems, where a configuration is defined
stant. The power-law naturally occurs because altruistl . . . )
a set of parameters, listed in Table 1. Configuration

and powerful peers voluntarily accept a greater numb .

of neighbors. (We will see in Section 5.1 how a greatggrameters descnb_e both th_e topolqu of the network, as
. well as user behavior. We will describe these parameters

outdegree results in greater load).

. in further detail as they appear later in the section.
From crawls of the Gnutella network performed in June : : . L
There are 4 steps in the analysis of a configuration:

2001, we found the average outdegree of the network to
be 3.1. In a super-peer network, however, we belie@¢ep 1: Generating an instance. The configuration pa-
the average outdegree will be much higher, since supemeters listed in Table 1 describe the desired topology of
peers have greater load capacity than an average peer.tBenetwork. First, we calculate the number of clusters as
cause it is difficult to predict the average outdegree ofna= g,%ggé% We then generate a topology efnodes
super-peer network, we will assume that every super-pbased on theype of graph specified. We consider two

will be given a “suggested” outdegree from some globglpes of networks:strongly connectedand power-law



Name Default Description

Graph Type Power The type of network, which may be strongly connected or power-law
Graph Size 10000 The number of peers in the network

Cluster Size 10 The number of nodes per cluster

Redundancy No A boolean value specifying whether or not super-peer redundancy is jused
Avg. Outdegree| 3.1 The average outdegree of a super-peer

TTL 7 The time-to-live of a query message

Query Rate 9.26 - 10—3 | The expected number of queries per user per second

Update Rate 1.85-10—2 | The expected number of updates per user per second

Table 1:Configuration parameters, and default values

Action ?g‘qd"‘;idth Cost EJVO_Cte)SSi”g Cost Step 2: Calculating expected cost of actions. There
ytes nits P " i : ) -
Send Query 82 + query length| .44 1 .003 - query are three “macro” actions in our cqst model: query, join
length and update. Each of these actions is composed of smaller
Recv. Query 82 + query length| .57 + .004 - query “atomic” actions for which costs are given in Table 2.
length There are two types of cost measured: bandwidth, and

Process Query
Send Response

0
80 + 28 - # addr

14 + 1.1 - #results
.21 + .31 - #addr

processing power. In terms of bandwidth, the cost of an

+76 - #results +.2 - #results action is the number of bytes being transferred. We de-

Recv Response | 80 + 28 -#addr | .26 + .41 - # addr fine the size of a message by the Gnutella protocol where

: +76 - #results +.3 - #results applicable. For example, query messages in Gnutella in-
Send Join 80 + 72 - #files 44 + .2 - #files lud 22_bvte Gnutella head 2 byte field for fl
Recv. Join 80 + 72 -#files | .56 + .3 - #files clude a 22-by e nutella hea ?r' a y e_ I€ld Tor flags,
Process Join 0 14 +10.5 - #files and a null-terminated query string. Total size of a query
Send Update 152 6 message, including Ethernetand TCP/IP headers, is there-
Recv. Update | 152 -8 fore 82 + query string length. Some values, such as the
Process Update | O 30

size of a metadata record, are not specified by the proto-
col, but are a function of the type of data being shared.
These values, listed in Table 3, were gathered through ob-
servation of the Gnutella network over a 1-month period,

Packet Multiplex | 0 .01- # open connections

Table 2:Costs of atomic actions

Description Value described in [23].

Expected length of query string 12B Th . f . . .

Average size of result record 76 B The processing cost_s of actions are given in coarse
Average size of metadata for a single file 72B units, and were determined by measurements taken on a
Average number of queries per user per secong.26 - 10~3 Pentium 111 930 MHz processor running Linux kernel ver-

sion 2.2. Processing costs will vary between machines and
implementations, so the values seen in Table 2 are meant
to be representative, rather than exact. A unit is defined

We study strongly connected networks as a best-case $ed2€e the cost of sending and receiving a Gnutella mes-
nario for the number of results (reach covers every nod&de with no payload, which was measured to be roughly
so all possible results will be returned), and for bandwid#?00 cycles on the measurement machine. When display-
efﬁciency (no Response messages will be forwarded, |§g figureS in Section 5, we will convert these coarse units
bandwidth is conserved). We study power-law networkg cycles using this conversion ratio.
because they reflect the real topology of the Gnutella netThe packet multiplex cost is a per-message cost reflect-
work. Strongly connected networks are straightforward tag the growing operating system overhead of handling
generate. Power-law networks are generated according@ming and outgoing packets as the number of open
the PLOD algorithm presented in [15]. connections increases. Please see Appendix A for a dis-
Each node in the generated graph corresponds to a sitssion of this cost and its derivation.
gle cluster. We transform each node into a single superAs an example of how to calculate the cost of a “macro”
peer or “virtual” super-peer if there is redundancy. Waction, consider the cost of a client joining the system.
then addC clients to each super-peer, wherefollows From the client perspective, the action consists of the
the normal distributionV (.., .2u.), and whereu,. is the startup cost of sending a Join message, and for each file
mean cluster size defined as = ClusterSize- 1 if there in its collection, the cost of sending the metadata for that
is no redundancy and. = ClusterSize- 2 if there is. To file to the super-peer. Suppose the client hddes and
each peer in the network, both super-peers and clients,wepen connections. Outgoing bandwidth for the client
assign a number of files and a lifespan according to tisetherefore80 + 72 - z, incoming bandwidth is 0, and
distribution of files and lifespans measured by [19] overocessing cost igd4 + .2 -z + .01 - m. From the perspec-
Gnutella. tive of the super-peer, the client join action consists of the

Table 3:General Statistics



startup cost of receiving and processing the Join messagmgr;node basis. In our model, we make the simplifying
and then for each file owned by the client, the cost of rassumption that when a node leaves the system, it is im-
ceiving the metadata and adding the metadata to its ind@ediately replaced by a node joining the system. Hence,
In this example, we see how an action can involve multhe rate at which nodes join the system is the inverse of
ple nodes, and how cost is dependent on the instancéhef length of time they remain logged in. Update rate
the system (e.g., how many files the client owns). is obtained indirectly, since it is impossible to observe

Updates, like joins, are a straightforward interaction bthrough experiments how frequently users updated their
tween a client and super-peer, or just the super-peer itsedfllections. We first assume that most online updates oc-
Queries, however, are much more complicated since tifgy as a result of a user downloading a file. We then use
involve a large number of nodes, and depend heavily tre rate of downloads observed in [22] for the OpenNap
the topology of the network instance. Here, we describgstem as our update rate. Because the cost of updates is
how we count the actions taken for a query. For our evdgw relative to the cost of queries and joins, the overall
uations, we assume the use of the simple baseline se@etformance of the system is not sensitive to the value of
used in Gnutella (described in Section 3). However, otHBe update rate.
protocols such as those described in [23] may also be usetiven the cost and rate of each type of action, we can
on a super-peer network, resulting in overall performangew calculate the expected load on an individual ndge
gain, but similar tradeoffs between configurations. for a network instancé:

We assume a message takes an equal amount of timeg[Ar,|1] = Z E[Cysr|I] - E[F,s]+
to travel across any edge, and that each super-peer takes senetwork
an equal amount of time to process and forward queries. ) . ] )
Given these assumptions, we may use a breadth-first ElCssr|ll- ElFss |1 + ElCusr 1] - ElFus] (1)
traversal over the network to determine which nodes rg- s defined as the number of queries submittedsby
ceive the query, where the source of the traversal is {i€; second, sd&|[F,s] is simply the query rate per user
query sources, and the depth is equal to the TTL of th@sted in Table 1, for allS. Fjs|I and F,s are similarly
query message. Any response message will then traysfined.
along the reverse path of the query, meaning it will travel e can also calculate the expected number of results
up the predecessor graph of the breadth-first traversal ugg} query originated by nods:
it reaches the sourcg. Every node along this path must
sustain the cost of forwarding this message. E[Rs|I] = Z E[Nr|1] )

To determine how many results a super-gEeeturns, Tenetwork

we use the query model developed in [22]. Though this often we will want to calculate the expected load or re-
query model was developed for hybrid file-sharing sygy|ts per query on nodes that belong to somé)satfined
tems, it is still applicable to the super-peer f”e‘Shar"’tg/acondition: for exampl&) may be the set of all nodes
systems we are studying. Given the number of files {Rat are super-peers, or the set of all super-peers with 2

the super-peer’s index, which is dependent on the pagighbors. The expected load,, of all such nodes is
ticular instancel generated in step 1, we can use thigefined as:

model to determineE[Nr|I], the expected number of S o E[M,|I]
results returned, and@[Kr|I], the expected number of E[Mg|I] = =259

T’s clients whose collections produced results. Note that @l
since the cost of the query is a linear function d%{ ) Similarly, aggregate load is defined as:

and (Kr|I), and load is a linear function of the cost of

queries, we can use these expected values to calculate ex- E[M|I] = Z E[M,|1] )
pected load. Please see Appendix B for how we calculate
E[Nr|I] andE[Kr|I] using the query model.

Step 3: Calculating load from actions. In step 2 we Step 4: Repeated Trials. We run analysis over sev-
calculate expected values 6t 57, C;s7, andC,sr, the €ralinstances of a configuration and averaiga/|] over
cost of a query, join and update action, respectively, whégse trials to calculate[E[M |I]] = E[M], the value by
the action is initiated by nod& and incurred on nod€, which we compare different Configurations. We also cal-
for every nodeS and and every nod& in the network culate 95% confidence intervals f@i{ A/ |I].
instance.S andT may be super-peers or clients.

For each type of action, we need to know the rate 5t Results
which the action occurs. Default values for these rates are
provided in Table 1. Query rate is taken from the genelalthis section we present the results of our evaluations on
statistics listed in Table 3. Join rate is determined onaawide range of configurations. Because there are many

®3)

nenetwork



different scenarios and factors to consider, we do not &ibn, there is the cost of sending queries to every super-
tempt to report on all the results here. Instead, from aker, a startup cost for every super-peer as they process
our results we distill a few important “rules of thumb’the query, and the overhead of additional packet headers
to follow while designing a P2P topology, and presefdr individual query responses. In fact, it is these extra
these rules to the reader, supported with examples froasts, which grow inversely proportionally to the number
our experiments. We then formulate a general procedofeuper-peers in the system, that cause the knee to occur
that incorporates the rules and produces an efficient tognlFigure 2.

ogy. Finally, we discuss how an individual node without Thoygh large cluster size is ideal for aggregate load, it
a global view of the system might make local decisions {5 the opposite effect on individual super-peer load, with
form a globally efficient network. a few exceptions. Figure 3 shows the individual incom-
Recall that all resu_lts in the following section are eXpg pandwidth required of super-peers for the same two
pected values. All figures show the expected value é%fgstems as before, as cluster size is varied. With one ex-
costs, along with vertical bars to denote 95% confidenggption, we see that individual load grows rapidly with the
intervals for E[valuginstance] where appropriate. All growth of cluster size. For example, in the strongly con-

figures use the default parameters listed in Table 1, Wscted system, a super-peer with 100 clients has almost
less otherwise specified. Please refer to Appendix C {gfice the load as a super-peer with 50.

additional results. . . I .
The exception we see in this figure, occurring when

thereis a single super-peer (cluster size is 10000), only oc-
5.1 Rules of Thumb curs for incoming bandwidth, and not for outgoing band-

width or processing load. The explanation for this ex-
The four rules of thumb we gathered from our expefizpyion is as follows: Most incoming bandwidth load for

ments are as follows: a_super-peer arises from forwarding query results from

1. é?g;izss”’_‘r?d‘?'?jt‘; ls(;izdecreases aggregate load, bubifier super-peers to a client. If a cluster c?n?ists of a frac-
individu : tion f of all nodes in the network (i.ef, = -ZHEL328 in

2. Super-peer redundancy is good. our gxample), then the super—pegr fJ:)r thngpclﬂsutzerr%/vill be

3. Maximize outdegree of super-peers. submitting roughlyf of all queries on behalf of its clients.

4. Minimize TTL. Because files in its own index constitute rouglflypf all

Let us now examine the causes, implications and detqlggponses to a query,— f of all results will be sent from

of each. other clusters to this super-peer. Therefore, total expected

#1 Increasing cluster size decreases aggregate load, buf'coming results is proportional tf- (1 — f), which has
increases individual load.  In terms of cluster size, @ Maximumay = 3 (i.e., atacluster size of 5000 in Fig-
there is a clear tradeoff between aggregate and individHg§ 3), and two minimums gt = 0 andf = 1. Incoming
load. Figure 2 shows the aggregate bandwidth requifé@ndwidth of a super-peer when cluster size is 10000 is
by two systems as cluster size is varied. One system H#4s much lower than when cluster size is 5000. This ex-
a strongly connected topology with TTL=1, shown as @Ption is important to keep in mind if incoming (down-
best-case scenario for bandwidth. The other system Ag§am) bandwidth is the bottleneck, and we are consid-
a power-law topology with average outdegree of 3.1 aRN9 large clust(_ar sizes. T_hus, a system designer should
TTL=7, parameters reflective of the Gnutella topolog?.e careful to avoid cluster sizes around a tenth to a half of
For now, ignore the curves for super-peer redundancy.tﬁ}‘? total number of peers (i.e., where load exceeds load at
both systems described, the expected number of resulfsli4sterSize= GraphSizg.
the same for all cluster sizes. Another exception to the rule can be found looking at
Both curves in Figure 2 show that aggregate load d@ocessing load when outdegree is large. Figure 4 shows
creases dramatically at first as cluster size increases. iglividual processing load as a function of cluster size, for
gregate load then experiences a “knee” around cluster gize same two systems as before. Note that the processing
of 200 in the strong network and 1000 in the power-lal@ad of a super-peer in the strongly connected graph actu-
network, after which it decreases gradually. Intuitivelglly increases as cluster size becomes very small. The rea-
the fewer the super-peers in a system (i.e., the larger flom for this behavior is the overhead of handling network
cluster size), the less communication overhead betwegific when the number of connections is large (see Ap-
super-peers there will be. At the extreme where there ipendix A for a discussion of this overhead). In a strongly
single super-peer (e.g., cluster size is 10000 in Figure @pnnected graph, the number of connections is equal to
queries are sent directly from clients to a single “servethe cluster size plugg,%%ﬂs which reaches a maxi-
and results are sent directly from server to client. At threum at very large and very small cluster sizes. The over-
other extreme (e.g., cluster size is 1), the same numbehe&d of many open connections is high when cluster size
results are being returned as in the first case, but in additarge, but relative to the cost of other actions (such as
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Figure 2: Aggregate load decreases Figure 3: Individual load increases  Figure 4:Individual processing load
with cluster size with cluster size, with few exceptions

query processing), it is small. On the other hand, wheedundancy increases aggregate load by about 2.5%, but
cluster size is small, the majority of the processing loakcreases individual load in each partner by 48% — driving
is due to this overhead. In most operating systems, theown to the individual load of a non-redundant super-
default number of open connections is limited, meanipger when cluster size 40. Therefore, in terms of band-
overhead issues aside, having 1000+ open connectionsigth, super-peer redundancy gives us better performance
not feasible. However, in the cases where it is feasibtban both a system with no redundancy and the same clus-
this network overhead is an important consideration whtar size, and a system with no redundancy and half the
selecting small cluster sizes. We will see how the nuroluster size. Super-peer redundancy gives us the “best of
ber of open connections becomes a design consideraboth worlds” — the good aggregate load of a large cluster
in Section 5.2. size, and the good individual load of a smaller cluster size.

What is a good tradeoff between aggregate and individ-However, super-peer redundancy involves a tradeoff be-
ual load? The answer to this question is specific to theeen individual and aggregate load in terms of process-
application and situation. In general, individual good isg power. In the strongly connected system discussed
probably more important than overall good, since usezarlier where cluster size is 100, aggregate processing
are less likely to altruistically be a super-peer if cost Isad increases by roughly 17% when super-peer redun-
very high. However, if all users belong to a single orgaancy is introduced, while individual processing load de-
nization — for example, they are running on a corporatecases by about 41%. (Note that since the number of
LAN — then aggregate load becomes quite important, siger-peers/partners doubles, aggregate load can increase
all costs are ultimately incurred on a single entity. In addihough individual load decreases). Therefore, in a sys-
tion, a very important factor to consider is the availabilittem such as Gnutella, super-peer redundancy is definitely
and reliability of the system. With large cluster sizes amndcommended when individual load is the bottleneck, but
few super-peers, there are a few points of failure, whishould be applied with care if aggregate processing load
has a worse effect on availability should these super-peisra concern. Please see Appendix C for a discussion on
leave, fail or be attacked. By keeping cluster sizes smalliper-peer redundancy in different configurations.
there are no easy targets for malicious users, and failure
of a super-peer leaves just a few clients temporarily u#3 Maximize outdegree of super-peers. In the cur-
connected. In general, then, it would be good to chooseeat Gnutella network, weak peers with few resources will
cluster size that is small enough to keep a reasonable irinnect to few neighbors, while altruistic powerful peers
vidual load and provide reliability to the system, but larggonnect to many neighbors. This arrangement seems rea-
enough to avoid the knee in aggregate load when clustenable, since weak peers should not take on more load
size is small. than they can handle. However, our experiments clearly

show that increasing outdegree can actusdijuceindi-

#2 Super-peer redundancy is good.Going back to Fig- vidual load, provided all peers do so. Figure 5 shows
ure 2 and looking at the curves for super-peer redundarecyistogram of individual incoming bandwidth loads for
we see that introducing redundancy has no significant sfiper-peers as a function of outdegree for two systems
fect on aggregate bandwidth for both systems. In additiavith power-law topologies: one where average outdegree
Figure 3 shows that redundancy does decrease individsd.1 (reflective of the Gnutella topology), and one where
super-peer load significantly. For example, when clustrerage outdegree is 10. Both systems have a cluster size
size is 100 in the strongly connected system, super-pe€R0, though these results are the same for any cluster
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Figure 5: When all super-peers in- Figure 6: With a low average outde- Figure 7: Estimating expected path
crease outdegree, individual and aggre- gree, many super-peers do not receive length given reach and outdegree
gate load decreases the full number of results

size. Figure 6 is like Figure 5, except it shows a histogramn its path back to the query source. Each hop taken con-
of expected number of results. As these figures pressaimes incoming bandwidth from the receiver, outgoing
histograms, vertical bars denote one standard deviatibandwidth from the sender, and processing power from
rather than confidence intervals. both; hence, the shorter the EPL, the more efficient a
First, note that while super-peers with very few (2 or 3juery is. For the systems shown in Figure 5, increasing
neighbors in the first topology do have a slightly lightefverage outdegree from 3.1 to 10 decreases EPL from 5.4
load than any super-peers in the second topology, tHeys.
also receive fewer results. For example, in Figure 5,For these benefits to apply, howevatl super-peers
when average outdegree equals 3.1, the expected loathgst agree to increase their outdegree. Consider the sys-
a super-peer with 3 neighbors is roughly - 10> bps, tem where average outdegree is 3.1 in Figure 5. If a single
while Figure 6 shows that this node receives roughly 79€er with 4 neighbors decides to increase its outdegree to
expected results per query. In contrast, when average utits load will increase from.18 - 10° to 3.58 - 10° bps,
degree equals 10, the expected load of a super-peer itB03% increase. If all super-peers increased their out-
7 neighbors is slightly higher, at.7 - 10° bps, but the degree such that average outdegree is 10, then that super-
expected number of results it receives is much higher ger will actually experience a 14% reduction in load, to
roughly 890. Hence, the “gain” in load comes with a codt01 - 10° bps.
in user satisfaction. Once a super-peer in the first topoldn summary, if every super-peer agrees to increase out-
ogy has enough neighbors (7) to attain full results, it hgegree, every super-peer’s load will either decrease dra-
a load that is higher than that of most peers in the secdnatically, or increase slightly accompanied by an increase
topology! Super-peers in a system with higher outdegrigenumber of results. If only a few super-peers increase
therefore have a much lower load for a given number tteir outdegree, however, those few nodes will suffer a
results. tremendous increase in load. It is important, therefore,
We can also see that super-peers with the highest outdiét increasing outdegree be a uniform decision. _
gree in the first topology must support an extremely heavyAS a caveat to this rule in extrgme cases, it is possible
load, while the loads of all peers in the second topolod§F the outdegree to btoo large, in which case perfor-
remain in the same moderate range. In this respect, fA@NCe is negatively affected. Please refer to Appendix E
second topology can be said to be more “fair”. FurthefRr & description of this caveat.

more, fewer concentrated points of heavy load in the figgh pMinimize TTL. For a given outdegree and topology,
topolog_y tr_a}nslate to fewer points of failure, and therefofgach is a function of TTL. Since the expected number
less reliability. of results is proportional to expected reach, a designer

In terms of aggregate load, our results (shown in Apaay choose théesired reactbased on the desired num-
pendix D) show an improvement of over 31% in bander of results, and then select the TTL that will produce
width and a slightly lower processing load is attained higis reach. We will discuss how to select the TTL later in
increasing outdegree from 3.1 to 10. the section.

Increasing average outdegree improves performancélowever, if the desired reach covers every super-peer
because it reduces tlexpected path lengtbf query re- in the network, then an infinite number of TTLs produce
sponses. The expected path length (EPL) is simply the &xe correct reach, since if TTl=allows all nodes to be
pected number of hops taken by a query response messagehed, TTLz + 1 will have the same reach. In such



a case, it is important to determine the minimum TTL | (1) Select the desired reach

needed to reach all nodes, and use that TTL. For exam{ (2) SetTTL=1 _ S

ple, a system with average outdegree=20 and TTL=4 use$ (3) Decrease cluster size until desired individual
. . : . load is attained.

roughly7.75 - 10® bps in aggregate incoming bandwidth ) i :

for a full reach. However, that same system uses only, g ebczigg\gédtzsl(r)widc(c:)a;lrf]ig%trgtei oittsér;eg é

6.30-10% bps, or 19% less aggregate incoming bandwidth, ’

. . ; . more bandwidth-efficient than TTL=1.
if TTL is reduced to 3 (which still allows a full reach). _if individual load is too high, apply super-

Similar improvements are seen for outgoing bandwidth peer redundancy, and/or decrease

and processing load. (4) If average outdegree is too high, increment
The cause of this difference is the cost of sending un- TTL by 1, and go back to step (3)

necessary query messages when BTB. Once queries (5) Decrease average outdegree if doing so does

have reached every node, any additional query message not affect EPL, and reachcan still be attained

will be redundant- that is, it will have traveled over a
cycle in the network, and arrive at a node that has al-
ready seen the query before. Any redundant query will

be dropped by the receiver. Although query messages §re

not large, if every node sends a redundant query to e Ce@red reach. (As m_ent|oned befqre, the desired reach

of its neighbors, the resources consumed can add up 3 be chos_en according to the deS|_red number of results
significant amount. per query, since the two are pr'oport|onail‘.) AIEhough we
When reach covers every node in the system, the s _n_ot prove the procedure y_|elds the_ best” topology,
mpirical evidence from analysis shows it usually returns

plest way to choose the best TTL is for individual supe?—t | p hichi i tb de with
peers to monitor the response messages it receives. gpologyfor which improvements can not be made with-
ngtdwolatlng the given constraints.

super-peer rarely or never receives responses from be : , L
2 hops away, then it can decrease its TTlztwithout af- | € design procedure may be applied duifmigal de-
fecting its reach. sign time, and it can be appliédcrementallyas the sys-
When the desired reach covers just a subset of all nod€§) IS running. For initial design, the desired properties
however, finding a TTL to produce the desired reach and constraints of the system, based on user behavior and
more difficult. Such a decision should be made globallj€€r characteristics, must be known at design time. Such
and not locally, since otherwise super-peers have an ifformation may be difficult to obtain accurately before
centive to set the TTL of their queries unnecessarily higit® Systém runs. Hence, in addition to the initial de-
to get more results at the expense of other nodes’ loadS!9n Phase, a centralized decision-maker can run with the
The correct global TTL can be obtained by predictin@’Stem and penod!cally re-evaluate the design procedure
the EPL for the desired reach and average outdegree, Ag€d on observation and feedback from the super-peers.
then rounding up. Figure 7 shows the experimentallfO" €xample, users joining the Morpheus P2P network
determined EPL for a number of scenarios. Along tfust first contact a centralized server which then directs
x-axis we vary the average outdegree of the topology (43€m 10 @ super-peer. Though little is known about what
sumed to be power-law), and the different curves shiljS Server does in the proprietary Morpheus system, it is
different desired reaches. For example, when averdg@sible that this server, which is clearly in contact with
outdegree is 20 and the desired reach is 500 nodes, %_super-_pgers and has access to global information, can
ure 7 tells us the EPL is roughly 2.5. Hence, TTL shouffiake decisions on the best topology based on the cur-

be set to 3. Please refer to Appendix F for further detaff@t workload, and send directives to the super-peers to
in predicting a global TTL. achieve this topology. The next section discusses local de-

cision making in the absence of design-time information
and a centralized decision-maker.

Let us illustrate how the procedure works by using it to
Putting all these rules together, we now present a gégfine the topology used by today’s Gnutella system. As
eral procedure for the global design of a P2P topologgentioned in Section 4, analysis of network crawls show
shown in Figure 8. The global design procedure is ifhat the average outdegree for Gnutella is 3.1. At the time
tended for a system administrator or designer, and its go&this writing, the current Gnutella network size has been
is to suggest an efficient system configuration given cdeported to vary between 10000 to 30000 users [11], so we
straints and properties specified by the designer. Thebgose 20000 to be size of the network in our analysis.
constraints include the maximum load and open connéduster size is 1, since there are few or no super-peers,
tions allowed on an individual super-peer, and the maxnd analysis shows that the reach of such a topology with
mum aggregate load on the system, if desired. The prdpg-L=7 is roughly 3000 nodes out of 20000 total.
erties include the number of users in the network and the~irst, let us specify the desired constraints and proper-

Figure 8:Global Design Procedure

5.2 Procedure for Global Design
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Incoming Outgoing Processing | Number | EPL 10°
Bandwidth | Bandwidth Power Results
(bps) (bps) (Hz)
Today | 9.08-10% | 9.09.10% | 6.88-10'° 269 6.5 10°
New 1.50-10% | 1.90-10% | 0.917 - 10'° 270 1.9
New 1.56-108 | 1.85-10% | 1.01-10'0 269 1.9 .
w/ Red.

New (redundancy)
Table 4: Aggregate load comparison between today’s system,
and the new design

N

New (no redundancy)

Outgoing Bandwidth (bps)

Rank (igf;jecreasinlg requiredlAlsoad) Xlo“z
ties of our system. To compare the results of the procedure
with the current Gnutella system, we set reach to be 3000 Figure 9:New design has much lower loads
peers (equivalently;320— super-peers), and the size
of the network to be 20000 peers. For individual loads,
let us limit our expected upstream and downstream baislprobably much better than in the old, because EPL is
width load to 100 Kbps each way, our expected processimgch shorter. Table 4 also lists the aggregate cost of the
load to 10 MHz, and our expected number of open comew topology with super-peer redundancy. As we can see,
nections to 100. Let us also assume for now that to kesggregate cost is barely affected by the introduction of re-
the peer program simple, we do not want super-peer demdancy.
dundancy. Note that in specifying load limits, it is impor- Individual load likewise shows dramatic improvement.
tant to choose a limit that is far below the actual capabilFigure 9 shows the outgoing bandwidth load of every
ties of the peer, for several reasons. First, actual load nmyle (super-peers and clients) in the system, for all three
exceed expected load during bursts of activity. Secondpologies. These values were taken from a single repre-
the expected load is feearchonly, and not for download, sentative instance of each topology configuration. Com-
chat, and other activities in the system. Finally, users wihring the new topology with and without redundancy, we
probably not want all their resources to be devoted to thee that the average super-peer load (that is, the top 20%
system, but just a small fraction. ranked nodes in the topology with redundancy, and the
Now, let us run the procedure over our specificatiorfoP 10% ranked nodes in the topology without) is 41%
Reach has a|ready been set to 3000 (Step ]_) Next, Iﬂ)yer with redundancy than without. As a tradeoff, av-
set TTL=1, so that EPL=1 for most efficient bandwidtRrage client load is 2 to 3 times greater with redundancy.
usage (step 2). Now we must choose a small enough cldgwever, since client loads are already very low —on the
ter size such that our requirements for individual load aéder of 100 bps — this load increase should be barely per-
met (step 3). Under our constraints, analysis shows @fptible to the clients.
largest supportable cluster size is roughly 20. However,Comparing the new topology without redundancy to to-
to achieve the desired reach, average outdegree mustiags topology, Figure 9 shows that for the lowest 90% of
150 (in order to reacﬁg—gm = 150 super-peers), leadingloads in both system, individual load is one to two orders
to a total of 169 open connections (an additional 19 codf magnitude lower in the new topology than in the old.
nections for clients) — far exceeding our limit. Followindg his 90% corresponds to the 90% of nodes that are clients
the procedure (step 4), we increase TTL to 2, and selétthe new topology. Among the highest 10% of loads, we
a new cluster size of 10 using analysis, which meets alill see significant improvementin the new topology over
our load requirements. To achieve our desired reach, effla@ old, ranging from 40% improvement at the “neck”
super-peer must have about 18 neighbors (since expe@eeurring at about the 90th percentile, to a whole order
reach will be bounded above by roughB? + 18 = 342). of magnitude for the top .1% heaviest loads. Individual
Looking at Figure 7, we see that decreasing outdegreeugers will therefore have a much better user experience
fects our reach, so we will not change the outdegree (stith these reduced loads — including those who agree to
5). Total average outdegree is therefre 19 = 28. become super-peers, especially if super-peer redundancy

How does this new topology, generated by our proc§-USed:

dure, compare with the old one? Table 4 lists the aggre-

gate loads of the two topologies, along with number ef 3 | gcal Decisions

results. The new topology achieves over 79% improve-

ment over the old in all expected load aspects, while maln-the case where constraints and properties of the system
taining slightly higher expected quality of results. Fuan not be accurately specified at design time, and in the
thermore, though we do not capture response time in @ase where a centralized decision maker is not desirable or
model, the average response time in the new topologynply not available at the moment, super-peers should be
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able to make local decisions that will tend towards a glofew neighbors, it should consider dropping some clients
ally efficient topology. Here, we will qualitatively discusdo free up resources, or “resign” to become a client itself.

rules for local decision making, based on the global ruIﬁF A super-peer should decrease its TTL, as long as it
from Section 51 _ ) does not affect its reach. For the case where the desired

In the following discussion, we assume that super-pegggch is not every super-peer in the system, a decrease in
set a limit to the load they are willing to handle, and thatr|_should only happen after an increase in outdegree, in
they are equally willing to accept any load that does ngider to maintain the same reach. For the case where a
exceed this limit (i.e., they will never refuse to increasgyde wants to reach all super-peers, according to rule #4,
their load unless it exceeds their predefined limit). Thfecreasing TTL may not affect reach, and should there-
guidelines we will discuss are actions that will helher 5 always be done. A super-peer can tell if its reach has

super-peers at the expense of the super-peer who follggn affected by whether or not it receives fewer results.
them; hence, our “limited altruism” assumption allows us

to suppose that every super-peer is willing to incur these
expenses on themselves, which will ultimately result @ Conclusion
less load for everyone. (Ongoing research in other con-
texts (e.g. [3, 8]) is exploring how to detect whether eveBuper-peer networks are effective because they combine
peer in a P2P system is correctly playing their part, atite efficiency of the centralized client-server model with
punish the freeloaders and malicious nodes.) the autonomy, load balancing and robustness of dis-
tributed search. They also take advantage of heterogene-
l. A super-peer should always accept new clients. ity of capabilities across peers. Because super-peer net-
Given that the client must be served by some super-peefiirks promise large performance improvements for P2P
the network, it generally does not make sense for a supgfstems, it is important to understand their behavior and
peer to refuse the client. If a super-peer finds that its clygyy they can best be used. In this paper, we address
ter size is getting too large to handle (i.e., load frequentlyis need by considering redundancy in super-peer design
exceeds the I|m|t), it should select a Capable client froﬁhd topo|ogy VariationS, and Carefu”y ana|yzing super-
its cluster to become a partner as a redundant super-ps&&r network performance. From our results, we have
Alternatively, it can select a client from its cluster to bejeen able to extract a few rules of thumb that capture the
come a new super-peer, and the cluster should be splitigiaential tradeoffs, a global design procedure, and local

two. In this manner, the number of super-peers can adgggision-making recommendations for a globally efficient
for an increasing global workload. Likewise, if a clussystem,

ter becomes too small (i.e., load remains far below the ] )
limit), the super-peer may try to find another small cludcknowledgements. We would like to thank Steve Grib-

ter, and coalesce the clusters. There is no set rule ad@s 9roup at the University of Washington for the use of
how small a cluster should be before the super-peer tri8gir Gnutella measurement data, and Kelly Truelove and
to coalesce, as there are always other uses for the ed@d El Kurjie of DSS Clip2 for use of their crawl data.
bandwidth (e.g., accepting a new neighbor). Following
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i Avg Incoming Outgoing Processing
B C&lCUlatlon Of E[NT‘[] and Outdegree| Bandwidth (bps)| Bandwidth (bps)| Power (Hz)

E[Rp|I] 31 351-10° 3.49-10° | 6.06-10°
0.0 2.67 - 10 2.65 - 10 6.05 - 10

The query model described in [22] defines two prObabi}'_able 5: Aggregate load comparison between an average out-
ity functions: f(¢), which gives us the probability that a - Aggreg p g

. . . degree of 3.1, and an average outdegree of 10.0

random submitted query is equal to quegy and g(i),
which gives us the probability that a random file will be a
match (a result) for query;. We will use the same distri- )
butions experimentally determined for the OpenNap S)@jd therefore receive few results. The effects of both cases
tem in [22] for our default configuration, since OpenNa@® Similar.
is also a file-sharing P2P system, and there is no availabl&igure A-10 shows the aggregate bandwidth of the
data from live super-peer networks. same four systems shown in Figure 2 (Section 5.1), but

Letz; be the number of files owned by clieimf super- with the lower query rate. We observe two effects: first,
peerT’, and letT" havec clients, and own:r files. The to- the aggregate load still decreases as cluster size decreases,
tal number of files indexed b¥ is z;o, = 27 + Y ;_, z;. but to a lesser degree than what we observed in Fig-
The query model assumes that the probability that a givere 2. Load decreases less rapidly because the savings in
file will be returned as a match is independent of whethguery communication overhead allowed by larger clusters
other files in the same collection are returned. With this now small in comparison to the load of joins. Second,
assumption, the number of files returned from a collectiore observe that super-peer redundancy causes aggregate
of sizen for a query of selection poweris distributed ac- load to increase by a greater amount than before. For ex-
cording tobinomial(n,p) , and the expected value isample, when cluster size is 100 in the strongly connected
thereforen - p. Hence, system, aggregate bandwidth increases by 14% with re-

BN o ) dundancy.
[Nr|l] = 2(:) 1) - (905) - 1ot) Figure A-11 shows the individual incoming bandwidth

Now, let Q; be thejiaentiﬁer variable wher®,; = 1 of super-peers for the same four systems shown in Fig-

iff client 7 returns at least one resu“'E)(Qi‘[) =1 ure 3 (Section 51), but with the lower query rate. FirSt,
P(clienti returns no resulis= 1 — (1 — p)*i, where p is We observe that individual load now reaches a maximum

the selection power of the current query_ Hence, at ClusterSize= GraphSizeSince load is now dominated
c c oo by joins. Second, note that super-peer redundancy does
E[Kr|I] = ZE(QJI) _ z:2:f(j).(1—(1—9(]‘))9“>not decrease load as effectively as before (though the
i=1 i=1 j=0 improvements are still good). When cluster size is 100
(6) in the strongly connected network, individual incoming
. . bandwidth load decreases by roughly 30% with redun-
C System Performance with Differ- gancy, while processing load decreases by 18%. Recall
ent Action Rates that super-peer redundancy trades decreased query load
for increased join load, which is not as helpful when the
For the query and join rates observed for Gnutella, the fglative rate of joins is high. However, bear in mind that
tio of queries to joins is roughly 10 — that is, a user wiBuper-peer redundancy is still equally effective in improv-
submit an average of 10 queries during each session. TRgreliability.
ratio is important because it determines takative load  |n summary, though the benefits of various cluster sizes
incurred by each type of action. Relative load of querigsid super-peer redundancy still apply, they may vary in
and joins is important because it affects the relative pelegree based on the relative cost and rates of queries to
formance of different configurations, depending on hqeins.
“join-intensive” these configurations are. For example,
the cost of joins is doubled with super-peer redundancy,
while the cost of queries is halved. If joins are expensive
relative to queries, this tradeoff may no longer be good, o
Let us consider new configurations where the relati\llg Additional Results
load of queries to joins is low. In particular, we will
change the query rate listed in Table 1 to%h6 - 10~2, Table 5 lists the aggregate load for two topologies: the
such that the ratio of queries to joins is now roughly first with an average outdegree of 3.1, and the second with
We could have also decreased the relative load of quer@saverage outdegree of 10. Both topologies have a clus-
by making the cost of queries less expensive; for examplker, size of 100, since the first topology yields a smaller
modeling a system in which all queries are for rare itenagpected number of results for any smaller cluster size.
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Figure A-10: Aggregate load with Figure A-11:Individual load of super- Figure A-12: A maodification to Rule
lower query rate peers with lower query rate #3: higher outdegrees can be harmful

E Caveatto Rule 3 path length. For example, when average outdegree is 10
and reach is 500, EPL is 3.0. However, setting TTL to 3

Looking at Figure 7 in Section 5.1 again, we see that iasults in a reach of roughly 400 nodes, rather than 500.

some cases, increasing outdegree does not significantliecond, note that a close approximation for EPL in

affect EPL. For example, when desired reach is 500 nodagppology with an average outdegréés log,(reach).

increasing outdegree from 50 to 100 only decreases EBUch an approximation is most accurate for a tree topol-

by .14. In these cases, having a larger outdegree vaily where the query source is the root. In a graph topol-

not only be useless in decreasing EPL, it will actuallygy, the approximation becomes a lower bound, as the

hurt performance by increasing the number of redunddeffective outdegree” is lower than the actual outdegree

gueries. Figure A-12 illustrates this point, showing thdue to cycles. This approximation is useful for finding a

individual load of a super-peer with various cluster sizegpod TTL without running experiments like the ones used

for an average outdegree of 50 and 100, and TTL=2. tmgenerate Figure 7.

each case, the desired reach is set to be the total num-

ber of super-peers, which JIMDErUSers por 4| cluster

sizes shown, systems with an average outdegree of 50

outperform systems with an average outdegree of 100 be-

cause the EPL is roughly the same in both cases, while

redundant queries increase with outdegree. Therefore, as

a modification to rule #3, outdegree should be increased,

so long as doing so decreases EPL. Once EPL ceases to

decrease, outdegree should not be increased any further.

This caveat has implications in both the global design

procedure (note step 5 in Figure 8) and local decision-

making. In terms of local decisions, it is difficult for a

super-peer to detect whether it has “too many” neighbors.

One possible method to detect this case is for the super-

peer to increase its outdegree, and then see if it starts re-

ceiving more query responses. If the number of responses

does not increase significantly, the connection should be

dropped.

F Details in Predicting Global TTL

There are two useful details to keep in mind while predict-
ing a global TTL, using the method described in rule #4
of Section 5.1. First, setting TTL too close to the EPL will
cause the actual reach to be lower than the desired value,
since some path lengths will be greater than the expected
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