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Abstract—In this paper, we develop an analytical framework
which explains the emergence of superpeer networks on execution
of the commercial peer-to-peer bootstrapping protocols by incom-
ing nodes. Bootstrapping protocols exploit physical properties of
the online peers like resource content, processing power, storage
space, connectivity etc as well as take the finiteness of bandwidth
of each online peer into consideration. With the help of rate
equations, we show that execution of these protocols results in the
emergence of superpeer nodes in the network - the exact degree
distribution is evaluated. We validate the framework developed
in this paper through extensive simulation. The analysis of the
results shows that the amount of superpeers produced in the
network depends on the protocol as well as the properties of the
joining nodes. Interestingly, our analysis reveals that increase in
the amount of resource and the number of resourceful nodes do
not always help to increase the fraction of superpeer nodes in
the network. The impact of the frequent leaving of the peers
on the topology of the emerging network is also evaluated. As
an application study, we show that our framework can explain
the topological configuration of commercial Gnutella networks.
The developed model can almost perfectly match the degree
distribution of Gnutella network.

Index Terms—Superpeer networks, bootstrapping protocols,
bimodal network, GWebCache, preferential attachment.

I. INTRODUCTION

Currently superpeer networks have proved to be the most
influencing peer-to-peer topologies [1], [2] and form the
underlying architecture of various commercial peer-to-peer
(p2p) based systems like KaZaA, Gnutella, Skype etc [3].
The constituent nodes in these networks maintain a two layer
overlay topology where the top layer consists of the high
speed superpeers and the bottom layer consists of the ordinary
peers [4]. Superpeer network is formed mainly as a result of
the bootstrapping or joining protocol followed by incoming
peers'. The bootstrapping protocol selects some online peers
(nodes) that are already part of the network and sends con-
nection requests to them [5]. The selection of online peers is
guided by two specific criteria. First of all, a peer connects
to some selected online peers with the purpose of maximizing
the quality of services like minimizing the search time, fast
downloading of files etc [6]. Secondly, the time spent by the
peer to perform bootstrapping needs to be minimized because
until the peer gets connected to the network, it cannot initiate
normal p2p activities. In order to attain the above two objec-
tives, peers try (prefer) to join to ‘good’ (resourceful) nodes;

'Some other minor factors are also involved in the formation of the
superpeer network like peer churn, rewiring of links, upgradation of the peers
to the superpeers etc. However bootstrapping takes the major role in the
formation of the network topology [8].

all existing bootstrapping protocols are essentially directed
towards fulfilling these basic objectives [7], [8]. An incoming
peer joining the p2p networks like Gnutella collects the list
of ‘good’ online peers from hardcoded address and/or from
GWebCache which is a distributed repository for maintaining
the information of ‘good’ online peers in the network [5]. The
superpeer networks emerged following these bootstrapping
protocols exhibit two regimes or ‘bimodality’ in their degree
distribution; one regime consists of the large number of low
degree peer nodes and another one consists of the small
number of high degree superpeers [9]. The emergence of
bimodal network due to the bootstrapping of nodes is an
interesting observation. This is not obvious why bootstrapping
of nodes leads to the emergence of bimodal network, hardly
there is any explanation found in the literature. [10], [11],
[12], [13] have shown the emergence of scale free networks
as a result of the preferential attachment of incoming nodes
with the ‘good’ existing nodes®. In line with that, one can
reasonably expect that the additional constraint of finiteness
of bandwidth present here may lead to power law networks
with an exponential cutoff degree. However, we observe that
the superpeer networks follow bimodal degree distribution that
sharply deviates from the power law behavior of scale free
networks [4], [9].

The performance of the superpeer networks mainly depends
upon the topological properties of the emerging networks [2],
[4], [14], [15]. This includes the network diameter, amount
of superpeers in the network, peer-superpeer ratio etc. Hence,
regulating these topological properties and subsequently im-
proving the performance of various p2p services will prove
to be an useful step for p2p research community. Due to its
decentralized nature of formation, controlling the topological
structure of the superpeer network is not a trivial task. How-
ever, to the best of our knowledge, little work has been done
to calculate these network parameters that emerges as a result
of the bootstrapping process.

This useful step can be initiated if we carefully interpret
the reasons behind the interesting observation. In that line,
we develop a theoretical framework to explain the appearance
of superpeer networks due to the execution of servents like
limewire, mutella etc [5], [16]. In order to develop the frame-
work, we model the bootstrapping protocols by the node at-
tachment rule where the probability of joining of an incoming

2The ‘goodness’ of a node has focused both towards link property (such
as degree centrality) and node property (such as ‘fitness’) [13].



peer to an online node is proportional to the ‘goodness’ of the
online node. ‘Goodness’ of a peer can be characterized by the
node property (later quantified as node weight) like amount of
resource, processing power, storage space etc that a particular
peer possesses as well as its current degree. Beyond this, we
identify that in p2p networks, bandwidth of a node is finite
and restricts its maximum degree (cutoff degree). A node, after
reaching its maximum degree, rejects any further connection
requests from incoming peers. Our framework shows that the
interplay of finite bandwidth with node property plays key
role in the emergence of bimodal network. Through suitable
mathematical treatment on the framework, we calculate the
amount of superpeers in the network, the impact of differ-
ent parameters like resource, processing power etc on the
superpeer-peer ratio etc. This understanding may further help
network engineers to appropriately tune the servent programs
for improving the p2p services like minimizing search time,
fast downloading of files etc. As a practical application, we
show that our formalism (with a small modification) almost
accurately explains the topological structure of the Gnutella
network, obtained from the real data taken in September 2004.
The outline of the paper is as follows. In section II, we
state and model the bootstrapping protocol followed by peer
servents. Section III proposes a formal framework considering
that all the peers join with fixed cutoff degree. In section 1V,
we generalize the theory for the case where different peers
join the network with individual (variable) cutoff degrees. In
section V, we report the change in the superpeer topology due
to the frequent departure of the online nodes, termed as peer
churn [17]. In light of the framework developed, an empirical
analysis of the global nature of the Gnutella 0.6 network
is provided in section VI. Some suggestions to the network
engineers in order to improve the p2p services is provided in
section VII after which we conclude our paper.

II. BOOTSTRAPPING PROTOCOL

Input: Nodes, where each node 7 comes with individual
node weight w, and cutoff degree k(%)
Output: Emergence of the network due to joining of
nodes
foreach Incoming node i do
Node i preferentially chooses m’ (m’ > m) online
nodes based on their weights and degrees
while m online nodes are not connected with i do
j = select an online node among the chosen m’
nodes
Node ¢ sends the connection request to j
if degree(j)< k.(j) then
Node ¢ connects with node j
end
else
Node j rejects the connection request
end
end
end

In this section, we illustrate and model the bootstrapping

protocols that is executed by different servent programs [18].
Servents like limewire and gnucleus maintain a list of ‘good’
hosts in the GWebCache and give priority to them during
connection initiation [5]. We model bootstrapping protocols
through node attachment rules where probability of attachment
of the incoming peer to an online node is proportional to the
node property (weight) and degree of the online node. The
generalized bootstrapping protocol is mentioned above. The
cutoff degree k.(i) is same for all peers ¢ in the analysis of
section III while it is varied in section IV.

III. DEVELOPMENT OF ANALYTICAL FRAMEWORK: PEERS
JOINING WITH FIXED CUTOFF DEGREE

In this analysis, we assume that each incoming peer joins the
network at a timestep n with some node weight and connects
to m online nodes in the network following the bootstrapping
protocol. The minimum and maximum weight of a node in the
network can be wy,;, and wy,q, respectively. The probability
of attachment of the incoming peer to an online node is
proportional to the weight and current degree of the online
node. The probability that an incoming peer has weight w;
is fw, and all the nodes have some fixed cutoff degree k..
Any node upon reaching the degree k. rejects any further
connection request from the incoming peer.

We introduce the term set,,, to denote the set of nodes in
the network with weight w;. Initially we intend to compute
Dk,w,» the fraction of k degree nodes in set,,, and then sum
it over all sets (weights) to find degree distribution p. These
values of py ., can be computed by observing the shift in the
number of k degree nodes to k + 1 degree nodes as well as
k —1 degree nodes to k degree nodes due to the attachment of
a new node at timestep n. Let the fraction of nodes in set,,,
having degree k at some timestep 1 be py p .,, then the total
number of k degree nodes in set,,, before addition of a new
node is 7 fy, Pk,n,w; and after addition of the node becomes
(n + 1) fuw,Pk,n+1,0,- Hence, the change in the number of k&
degree nodes in set,,, becomes

Ank,wi = (n + 1)fwipk,n+1,wi - nfwipk,n,wi (H

We formulate rate equations depicting these changes for some
arbitrary set,,,. By solving those rate equations, we calculate
Dk,w; and subsequently the degree distribution py (fraction of
nodes having degree k) of the entire network.

Methodology

In order to write the rate equations [11], we need to know the
probability A,,, that an online node = with weight w; (i.e. in
sety,;) will receive a new link from the incoming peer. The
probability that an online node will receive an incoming link
is proportional to the node weight w; and current degree &
and can be depicted as

ke—1

A, =

i Fo—1
Z?iiwn wi’fwi/ Zk‘l:m klpkhwi/
Wi Fuo. My Bs
= T i Mo, i degree(z) < k. (2)
Ei’:min wsr fw,;/ mwi/ ﬁi'

=0 degree(z) > k.



where 3; = 1 — % (P, ,w,; 1s the fraction of nodes in
set,,, that have reached their cutoff degree k. hence stopped
accepting new links) implies the fraction of nodes in set,,,
capable of accepting new links from the incoming peer and
normalizing constant 2m,,, = Zf;m kpr ., denotes the
average degree of the nodes in set set,,,. The numerator of
Eq. (2) represents the total amount of weight of nodes in
set,,, that are allowed to take incoming links. The denominator
normalizes the fraction by the total amount of weight of all
the nodes in the network that are allowed to take incoming
links.

The joining of a new node of degree m at timestep n + 1
changes the total number of k degree nodes in set,,,. Since
all the nodes in the set,,, contain equal weight w;, the chance
of getting a new link for the online nodes depends upon their
current degree k and fraction Eresent in the set at that timestep,
hence can be expressed as ;nkT"[? The (; in denominator
takes care of the fact that the nbdes, that have reached the
cutoff degree k. do not participate in the formation of new
link. Due to the joining of a new node of degree m in the
network, some k degree nodes in set,,, acquire a new link
and become nodes of degree £+ 1. So the amount of decrease
in the number of nodes of degree k, (m < k < k.) in set,,
due to this outflux is

kpk,n,wi

Similarly a fraction of nodes having degree k—1 get a new link
and move to the degree k. We now write the rate equations in
order to formulate the change in the number of k£ degree nodes
in an individual set,,; due to the attachment of a new node of
degree m. Three pertinent degree ranges k = m, m < k < k.
and k = k. are taken into consideration.

Rate equation for k = m

Since the probability of joining of a node having weight w;
in the network is f,,, the joining of one new node of degree
m on average increases f,,, fraction of nodes of degree m in
the set,,,. Hence net change in the number of nodes having
degree k = m can be expressed as

Ok— (k+1) X Ay, m 3)

Anm,wi (n + 1)fwipm,n+1,wi - nfwipm,n,wi
= Tt s A,m 4
Fu 2Mey, Bi wi @)

Therefore assuming the stationary condition, Py n41,w;
Dk,n,w; = Pkw; 111] we find

1
Pmaw; = 77 m~ (5)
(1+2)
where a; = 20, il By w;],t:mw"ﬂi
Similarly from Eq. (3), rate equation for m < k < k.
Ank,wi = (’I’L + 1)fwipk,n+1,wi - nfwipk,ntwi
kfl — nwv*k C,ML W5
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Subsequently the recurrence relation becomes

(k—1)
w, = < Pk—110, 7
Pkw, (kJrai)Pk Lw; (N
Rate equation for k = k.

Since the nodes having degree k. are not allowed to take any
incoming links, nodes are only accumulated at degree k = k.

Hence
(kc — 1)pkc—1,n7wi

A .= X Ay, 8
nkmwl Qmwl/@l wzm ( )
Hence the corresponding recurrence equation becomes
ke—1
pkc,wi - gpkcfl,wi (9)

7

Computing the degree distribution
Solving the above stated rate equations, we obtain the degree
distribution of the entire network.

max

Pr = Z Pryw; fuw,

i=min

10)
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i
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A. Emergence of superpeer nodes

We are now in the position to theoretically understand the
emergence of bimodal distribution as well as the accumulation
of superpeer nodes. A closer look at the equations reveals that
two modes appear in the degree distribution, one at k = m
around which the degree of most of the nodes are concentrated
and another at kK = k.. Conditions: a. In order to show the
appearance of mode or spike at k = k., we have to satisfy the
condition py_ > pr,—1 and py, > pr.+1. b. In order to show
the modal behavior at £ = m, we have to satisfy the condition
pr < pr_1 for m < k < k.. This also confirms that no other
modes have emerged in the network.

Fulfilling condition a: First of all, we show that the fraction
of nodes having degree k., py, is greater than pj, _;. From
Eq. (9), we find that for the set,,,

Dk w, (ke —1) w;m
ot = (T | (11)

Dke—1,w; % (e )Zl WM, fr, Bi

Then, for the entire network,
max
D Dk w, >, wim

Hhe o SheWi (k- =" > 1 (12)
Dk.—1 Dko—1,w; (ke )ZZ Wi, fuw, Bi

1=min
since ), My, fuw, = m, f; < 1 therefore m,, f,,3; < m and
k. >> 1. Secondly, the bootstrapping protocol gives pr = 0
for £ > k.. Hence, we conclude the presence of a spike at
degree k..

Fulfilling condition b: We find for m < k < k., the
probability py continuously decreases. This can be understood
from Eq. (7) of the set,,,

(k—-1)

= <1

PEw;
Pk—1,w;

13)
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Fig. 1.

the change in py,. with the change of

fu,-

The plot represents the degree distribution of the network emerged following bootstrapping protocol with fixed cutoff degree k. = 10 and m = 1.

The nodes can join the network with weights taken from normal distribution (mean=50 and standard deviation 8, Fig 1(a)) and power law distribution
(exponent=2.5, Fig 1(b)). Fig 1(c) shows the change in pj_ due to change in w2 and f,, for the bimodal weight distribution (simulation results). Inset of
Fig 1(c) indicates the presence of optimum fu, (i.e. fy,) at which pg_ becomes maximum.

i.e. prw,; < Pk—1,w,;- Hence for the entire network, py, < pr—1.
These two observations confirm the presence of two distinct
modes in the degree distribution and lead to the emergence
of high degree superpeer nodes at degree k. (Fig 1(a), 1(b)).
Note that, this feature is independent of the weight distribution

fu-

B. Simulation results and inference derivation

We validate the theoretically obtained degree distribution
(Eq. (10)) by simulating the emergence of the network (Fig. 1).
In these simulations, we follow the exactly same procedure
and assumptions that we have taken for theoretical model-
ing. The stochastic simulation set up is as follows. During
bootstrapping, each node joins the network with some weight
(10 < w < 100) taken from a weight distribution f,. A
“fitness’ value is assigned to each online node based upon
its weight and current degree. The incoming new node gets
connected with an online node depending upon the ‘fitness’
of that online node. In our simulation, we consider two
weight distributions, namely normal distribution and power
law distribution [15], [19]. The total number of nodes in the
system is considered to be 5000 and we perform 500 individual
realizations and plot the average of that. Fig. 1 shows that the
agreement between the theoretical and simulation results is
exact which validates the correctness of the theoretical model.
Figs 1(a), 1(b) produce the evidence of the emergence of
two distinct regions in the degree distribution - the peer and
superpeer regions; the accumulation of the superpeer nodes
occurs at degree k. = 10. Fig 1 confirms that the weight
distribution hardly changes the nature (i.e. bimodalilty) of
the degree distribution. In the following, we investigate the
influence of different parameters on the amount of superpeers
in the network. In order to gain more insights, we consider a
simple bimodal weight distribution where nodes join with two
weights wy (low) and wq (high) with individual fractions f,,,
(high) and f,,, (low) respectively.

1) Impact of node weight wy on py_ : In order to examine
the impact of node weight, we perform the simulation with
wy = 10 and f,,, = 0.8. The node weight ws is varied
from 10 to 3000 and we observe how it affects pj, (k.=10).
It can be observed from Fig. 1(c) that, initial increase in
wo increases the fraction of superpeer nodes (px.) in the
network rapidly. However, after a certain threshold, the py,_
stabilizes and further increase in weight does not increase py,. .
Mathematically from Eq. (10), as wy — 00, p, becomes

ke—1 .
. J
im pg, = fu . (14)
wg — 00 2 Jl:_;I;L (] + %fw2Tr?,262)

and converges to some finite value. Hence, we conclude that
after some threshold limit, increase in the node weight does
not increase the amount of superpeers in the network.

2) Impact of fraction of high weighted nodes ( f.,,) on px,:
In order to observe the impact of f,,, on py_, we simulate the
bootstrapping protocol for two weights w; = 10 and wy = 100
and gradually increase the f,,, (i.e. decrease f,,). Common
intuition is that increase in f,,, in the network should increase
Dk, (number of superpeers) as well. However inset of Fig. 1(c)
shows that the initial increase in f,,, increases py_. But after
reaching some maximum value (py ), px, decreases. We are
interested in understanding the reason behind the presence
of an optimum f,, (f.,, at which py_ becomes maximum).
This can be understood by looking into the opposite forces
performing at two ends (high and low) of f; . In low f,, :
During the joining of a new node of degree m, the existing
nodes in the network acquire the links from the new node
and scale their own degrees. Low f,,, (i.e. high f,,) makes
the wy fyy, quite significant and subsequently increases A,,, in
Eq. (2). In effect, out of m links of the incoming node, some
of them get connected to w; weight nodes. However, since
wy 1s small, any individual w;, weighted node rarely becomes
capable to reach k. for contributing to py_. But, collectively
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Fig. 2. In Fig 2(a), fy, is fuw, at which pg_ becomes maximum (pzc). The figure shows the change in fj, and p; due to w2. In Fig 2(b) and 2(c), 7

is the fraction of incoming nodes which have joined the network purely based
stochastic simulation.

they restrict the we weighted nodes from taking new links,
hence reduce the rate of degree scaling of those nodes. This
results in low value of py_. In high f,,, : However in high f,,,,
all the nodes of weight w, compete with each other to get the
new links. This results in slowdown in the rate of increase of
the degrees of the individual wy weighted nodes and gradually
reduces py,. The interaction of these two opposite effects result
in an optimal f, .

3) Impact of wo on fy, : Fig. 2(a) shows that the increase in
wy sharply decreases the fy; . Increase in wy increases A,,,
hence most of the links of the incoming node get attached
with the nodes with high weight wy even if f,,, is small. At
the same time, low f,,, restricts competition for the incoming
links among the wy nodes and helps the small fraction of
high degree nodes to quickly scale towards the cutoff degree
k.. Inset(1) of Fig. 2(a) shows that the interplay of these two
factors increases py,_ (i.e. px, at f;, ). However, after reaching
the saturated wo, all the incoming links are joined to the wo
nodes hence further increase in wy does not reduce the fy;,
(or increase py, ) much.

Increase in m increases the amount of superpeers:
Eq. (14) calculates the maximum amount of superpeers in the
network as we — oo for different f,,. The optimum fraction
w, can be calculated from Eq. (14) by taking ij: = 0.
Substituting that f;  in Eq. (14) gives the maximum possible
amount of superpeers pj. .., for a particular m. Inset(2)
of Fig 2(a) shows that with the increase in m, the pzcmam
increases almost linearly.

4) Impact of the bootstrapping protocol on p2p services:
In this subsection, we investigate the implications of some
modifications in the bootstrapping protocols on the various
network properties like diameter, amount of superpeers etc.
Let us assume that the bootstrapping protocol of the incoming
peer can be controlled such that probability of connecting
with only high degree online nodes is r and probability of
connecting with an online node based upon both its weight

on the degree sequence of the online nodes. The results are obtained through

and degree is 1 — 7. In simulation, we assume that the weight
distribution of the incoming nodes follow power law distribu-
tion [15]. Fig. 2(b) shows that increasing r slowly decreases
the diameter of the network. Reducing the diameter of the
network improves the search efficiency of the network [20]. On
the other hand, increasing r reduces the amount of superpeers
in the network py, (Fig 2(c)). As the file download latency is
primarily dependent on the nature of the neighboring peers,
the increase in the amount of superpeers results in fast down-
loading of files. Hence we conclude that carefully modifying
the bootstrapping protocol to sieve appropriate nodes from the
GWebCache may improve the p2p services by reducing search
latency and fast file downloading etc.

IV. DEVELOPMENT OF ANALYTICAL FRAMEWORK: PEERS
JOINING WITH INDIVIDUAL/VARIABLE CUTOFF DEGREES

In reality, nodes join the network with various bandwidth
connections like ISDN, ADSL, leased line etc. Subsequently,
the cutoff degree of individual nodes becomes different from
one another. For simplicity, we can assume that there is a
fixed number of discrete cutoff degrees each representing a
type of connection. Addressing this phenomena in this section,
we generalize the bootstrapping in the following way. We
assume that the probabilities that a node j joins the network
with cutoff degree k.(j) and weight w; are g ;) and fy,
respectively (g, (j) and f,,; are independent). Let every node
necessarily have cutoff degree between a specified minimum
and maximum, k.(min) and k.(maz) respectively. Similar
to the previous section, the probability that an online node of
weight w; (i.e. in set,,,) receives a new link from the incoming
peer

kmax

kmin_
121\ wlfwb( k=m ' kpkvw’i + Zk:k'rﬂin kjpk’wi Sk’wi)
Wy - Komin— kmaz
Zi wlfwl( k=m ! kpk’wi + Zk:kmm kp’“wi Sk’wi)
_ Wi fu, Bi (15)

Zi Wy fuq ﬂz



where

ke(mazx
Zk:(kc(m,)in) (1 = Skw,)kPk,w,
Qmwi

Bi=1- (16)

implies the fraction of nodes in set,,, capable of accepting new
links from the incoming peer. Here Sj, ,,, is the fraction of &
degree nodes in set,,, whose cutoff degree is greater than k
and hence are still capable of taking incoming connections. We
calculate the exact expression for Sy, later in this section.
Similar to the section III, we formulate the rate equations to
characterize joining of an incoming node of degree m. Based
on the behavior of S} ,,, the formulation of rate equations
and subsequently the computation of degree distribution need
to be done in two parts; nodes with degree m < k < k.(min)
in part A and nodes with degree k.(min) < k < k.(max) in
part B.

Part A : Dynamics analysis for m < k < k.(min)

In this case, none of the nodes has reached its cutoff degree.
Hence Sy, trivially becomes 1 and the rate equations for
m < k < k.(min) are similar to the Egs. (4) and (6).

Part B : Dynamics analysis for k.(min) < k < k.(max)
An important difference between part B and part A is that,
at each k (k.(min) < k < k.(max)), a fraction of nodes
reach to their cutoff degree and stop taking further links from
the incoming nodes. So the calculation of Sy ., becomes
nontrivial and their values play a major role in formulating
the rate equations. We start our analysis with the nodes having
smallest cutoff degree k = k.(min).

Calculation for k& = k.(min)

We defined earlier that S}, is the fraction of nodes having
degree k = kc(min) in the set,, that have not reached
to their cutoff degree and still capable of taking incoming
links. Hence similar to Eq. (3), Rk, EwlmSk w,; number of

m
nodes can move from degree k. (mm) to kc.(min) + 1 and
leave the k.(min) set. On the other hand, similar to Eq. (3),
the mean number of nodes with degree £ — 1 that accepts

new link and moves to degree k£ becomes M%A M.
The net change in the number of nodes having “éleglree k (for

k = k.(min)) due to the attachment of a new node

((k — l)pk—l,wi - kpk,wq;sk,1u1;)

N x Ap,m  (17)

Calculation of Sy, for k = k.(min)
The mean number of nodes of degree (k — 1) that acquires the
new links from the mcommg node and moves from degree

k —1 to degree k is 5(k Dok = mzﬁlmm As qp

21y

is the probability that a node joins the netlwork with cutoff
degree k = k.(min), hence 6(k 1)—k X specifies

9k
C(ma'r)

the number of nodes that moves from degree k— 1 to k and
also reaches its cutoff degree k = k.(min). If the fraction of
k degree nodes in set,, iS P, then the fraction of nodes

reaching the cutoff degree k can be normalized as

(E=1)pr—1,w; 7 *
2May 23\1 Aw,; mqk
1~ St = : (18)
Pk, w;
where ¢} = =72 Substituting the value of Sy ,, in

Eq. (17) and reé?ghging Dk,w;» WE get

(k — 1) kfquz
1 : —1.w,
(k+al) + az pk 1,w1

23" wifwlmw B:

Pkw; = (19)

where a; =
Generalization : Cont1nu1ng the calculations for k.(min) <
k < kc(max), we obtain the generalized equation

%1)<L+M@@)
(07

(20)

Phwi = (k+ ai)
T (et = D) fundi
s 1) pr it —
<pk 1w; + ]2::1 ( )pkjl,,;l:[l A
The degree distribution of the entire network py is calculated
by summing up pi,., over all w;’s, i.e. pp = >0 - Diw,, -
A. Simulation results and inference derivation

We first analyze the emerging topology and then illustrate
the simulation results.

1) Emergence of superpeer nodes: Fig. 3(a) shows that if
peers join with (say) v different cutoff degrees, the degree
distribution of the network shows upto v (say v) spikes. We
observe that the exact value of ¥ typically depends upon the
fraction of nodes joining the network with a particular cutoff
degree. Theoretically probing into the equations gives a better
idea.
Let us assume that the nodes join the network with v distinct
and far apart (i.e. kc(aj+1) > kc(a;)+1) bandwidths with cut-
off degrees being k.(a1), k.(az2), kc.(as) ... k.(a,) respectively
where k.(a1) is the smallest cutoff and k.(a,) is the highest
one. Fraction of nodes joining with cutoff degree k.(a;) is
Qk.(a;) for 1 < i < v. Condition: py_(a,)—1 < Pr.(a;) >
Pk.(a;)+1 confirms the appearance of spike at degree k.(a;).
The analysis follows. Calculating py_(a;)+1,w; a0d Pk, (a;),w;
and eliminating py,(a,)—1,u;>» We get W < 1, hence
for the entire network, pr_(a;)+1 < Pk, (a:)> that is the fraction
of nodes having degree one more than some cutoff degree (say
ke(a;) + 1) is less than the fraction of nodes in that cutoff
degree (say ke(a;)).
Similarly, from Eq. (19) we find

Phe(as),w; (ke(ai) — 1) 1 ke(ai) fuwidy, (a,)

Phe(a:)— (ke(ai) + @) a;

In order to satisty py_(a,) > Pk.(a;)—1, We find that if gy (4,)
(the fraction of nodes joined the network with cutoff degree
kc(a;)) is above a threshold level, then only a mode or spike
appears at degree k.(a;).

2) Simulation results: In order to validate our theoretical
framework, we simulate the bootstrapping protocol where
nodes join with variable cutoff degrees. We consider that the

] 2L

1,wi
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(b) Degree distribution of the emerg-
ing network in case 2 and case 3
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(c) Impact of g3 on the amount of
superpeers nodes (py,,) in the network
with two cutoff degrees 3 and 10.

Case 1: fractions of nodes joined with cutoff degrees 3,10 and 20 are 0.5,0.1 and 0.4 respectively. Case 2: fractions of nodes joined with cutoff

degrees 3,10 and 20 are 0.5, 0.3 and 0.2 respectively. Inset in Fig 3(b) shows case 3 where 50% nodes joined with cutoff 3 and rest 50% joined with cutoff
10. The change in py, (at k. = 10) in the network due to the increase in g3 (the fraction of nodes with cutoff degree 3) is plotted in Fig 3(c).

weight distribution (f,,) of the incoming nodes follows power
law distribution (with exponent=2.5) [15], [19] and the nodes
can have 3 different cutoff degrees 3,10 and 20. At the time
of joining, each node establishes connections with 3 online
nodes in the network i.e. m = 3. We assume that the 50% of
nodes join through dial up connection having cutoff degrees 3.
Rest 10% of nodes join through ISDN connection with cutoff
degree 10 and 40% through leased line connection with cutoff
degree 20. We assume that all the nodes having degree > 10
can be considered as superpeer nodes [4]. The total number of
nodes in the simulation system is 5000 and we perform 500
realizations. Fig 3(a) shows that the agreement between the
theoretical model (Eq. (20)) and simulation is exact.

3) Measuring the amount of superpeers in the network:

Fig. 3(a) shows that in case 1, total amount of superpeer nodes
(i.e. degree > 10) in the network is 0.1472. On the other hand,
if the fraction of nodes joined with cutoff degrees 3,10 and
20 is 0.5,0.3 and 0.2 respectively (Fig 3(b), referred as case
2), the amount of superpeers in the network becomes 0.2158.
If 50% of nodes join with cutoff 3 and rest 50% joins with
a cutoff 10, the total amount of superpeers in the network
becomes 0.2361 (inset of Fig 3(b), referred as case 3). Hence
our results show that instead of joining the network through
multiple high bandwidth connections, using a single bandwidth
is optimal for the emergence of highest amount of superpeers
in the network.
Effect of low cutoff degrees: In Fig. 3(c), we consider a situa-
tion where the nodes join with two cutoff degrees; g3 fraction
of nodes join with cutoff degree 3 and rest g19 = (1 — g3)
fraction of nodes join with higher cutoff degree 10. In the
idealistic case, when all the nodes join with cutoff degree 10
(i.e. g3 = 0), the amount of superpeers in the network would
be maximum (pr, = 0.32). The amount would decrease as
some nodes with lower bandwidth hence lower cutoff degree
(here 3) joins the network. The plot in Fig. 3(c) shows the rate
at which pj_ decreases. We find that the fraction of superpeer
nodes hardly changes as long as percentage of nodes with
cutoff degree 3 are less than 20%.

V. IMPACT OF PEER CHURN ON THE TOPOLOGY OF THE
EMERGING NETWORK

The frequent departures of the online nodes, termed as peer
churn, also takes a major role in determining the topological
structure [17]. In this section, we calculate the degree distri-
bution of the emerging network in face of peer churn. In [21],
we developed a theory to calculate the degree distribution of
the deformed network after a fraction of nodes are removed
along with the adjacent links. Mathematically, if the initial
degree distribution of the network is p; and the probability
of removal of a node having degree k is fi, then the degree
distribution of the deformed network can be expressed as

= ( ; ) 6" (1 - 9)* p} (22)
q=k -
where in large scale networks, ¢ = choillfpf and p; =
k

k=0
TS g We model peer churn as the removal of nodes
from the network. In p2p networks, it has been observed that
peers having higher connectivity (e.g. superpeers) are more
stable in the network than the peers having lower connectivity
(e.g. connected through dial up line) because those loosely
connected peers enter and leave the network quite frequently.
Hence in peer churn, it is quite realistic to assume that the
probability of removal of a node is inversely proportional to
the degree of that node i.e. fy = £ (c is some constant).
We substitute this f, in ¢ and find that ¢ = 775 where (k)
is the average degree of the network. We further substitute ¢
and the initial degree distribution pj, obtained from Eq. (20) in
Eq. (22) to theoretically calculate the degree distribution of the
emerging network after peer churn. Fig. 4(a) shows the change
in the network topology due to peer churn (theoretically and
through simulation) in the network which has emerged in
case 2 of Fig. 3(b). Based upon f; (¢ = 1,0.5,0.33), the
total percentage of nodes removed due to peer churn (f)
becomes 21%, 11% and 7.8% respectively. Similar to section
IV, the network size is of 5000 nodes and during simulation,
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Fig. 4.
Gnutella networks [22] and our theoretical model.

we remove the nodes and their adjacent links based on fj.
Fig. 4(a) shows that in face of churn, the bimodality in the
degree distribution is still maintained. However, the disap-
pearance of old modes and emergence of new modes in the
degree distribution is an interesting observation. For example,
as we gradually increase f from 7.8% to 21%, the number
of superpeers in the network decreases. At the same time,
new nodes with degrees even below the first maximum degree
3 appears (at degrees 1 and 2) and their amount gradually
increases with the increase of f. This increase actually results
due to the removal of links from the nodes having degree more
than or equal to 3.

VI. CASE STUDY WITH GNUTELLA NETWORK

We simulate Gnutella network following the snapshots
obtained from the Multimedia & Internetworking Research
Group, University of Oregon, USA [22]. The snapshot is
collected by the research group during September 2004 and
the size of the network simulated from the snapshot is of
1,31,869 nodes. In order to check whether the degree dis-
tribution of Gnutella can be explained through the developed
framework, we theoretically compute the degree distribution of
the emerging network (from section IV) by taking the weights
from the weight distribution of the inset of Fig 4(b). The
weight distribution, obtained following [14] is explained next.
We assume that the weight of a node can be determined by
the amount of shared files it possesses (indicates the shared
resource) and inverse of node latency (indicates the node’s
processing power). The cumulative distribution of the amount
of shared files and latency of the Gnutella peers are available
in [14]. We take a joint probability distribution of these two
parameters in order to get the weight distribution (inset of
Fig 4(b)). During connection initiation, most of the servents
initially connect to multiple online peers [5] therefore we keep
m = 2. The probability gy, (;) of joining of a node j with
cutoff degree k. () is adjusted accordingly to fit the calculated
degree distribution close to the Gnutella network.

3

* | -O- Gnutella snapshot
* Theoretical result (section V)
©] — Modified theoretical result (section VI, Eqg. (25))

Degree distribution Py
5

1 Degree k 1 10

(b) Degree distribution of Gnutella network
taken from the topological snapshot [22].
The inset shows the weight distribution of
the incoming nodes [14].

Fig 4(a) shows the effect of peer churn on the network emerged in Fig 3(b). Fig. 4(b) illustrates the comparative study between the real world

As can be seen from Fig 4(b), our theoretical model can
mimic the degree distribution of Gnutella network with reason-
able accuracy, however there are some deviations. Although
the higher degree nodes match almost exactly with theory, the
fraction of small degree nodes in Gnutella is less than the
theoretically calculated pi. The possible reason is, due to the
finite size of the web cache, the GWebcache is totally pop-
ulated by the high degree nodes in the network. Henceforth,
the peers having low degree do not receive any connection
from the incoming node. Thus most of the low degree peer
nodes remain with the low degree and subsequently the py
for the low degree (k) nodes becomes lower than theoretically
calculated value. Next we address the finite size web cache
issue and modify the formalism accordingly.

A. Modifying the formalism with finite size WebCache

In order to model the finite size web cache, we assume that
the nodes having degrees greater than m’(m’ < k.(min)) be
always present in the web cache (with probability 1). However,
the probability of getting a node in the webcache having
degree k, such that m < k < m/ is . We suitably modify the
rate equations described in Eqgs. (4) and (6) to incorporate these
assumptions. It is important to note that, as m’ < k.(min),
these changes may only affect the calculations of the part A
of section IV.

Similar to Eq. (3), the average number of m degree nodes in
the webcache acquiring links from the incoming node becomes

—t x Ay, 23
¥ 2, B w; M (23)

Hence modified rate equation for k=m
Ao, = Fur, = Yo" Ay (24)

mei ﬁi

Similarly, the rate equation for m < k < m/

k—1)pr_ —k v
Anm,w,; =~ (( )pk 1,n+1,w; pk7n7w1) ~ Awim




Hence the modified degree distribution becomes

max

Pr = E pk,wifwi

i=min

max 1 _
Zi:min (1+Lk)fwi k=m
(X’L
k—m
max fwi’Y k—m k—j /
= Zi:min arzzm) X Hj:l (W(k—j+1)+ai) m<k<m
i
k—m
max fwi’y k—m k—j _ /
D immin a+rzy X Hj:l (k—j+1+a7¢) k=m +1
n

Calculation of py for the nodes having degree k > m’ + 1
remains same as section III and IV. We plot the modified equa-
tions (Eq. (25)) in Fig 4(b) with v = 0.37 and m' = 18 which
fits the Gnutella snapshot almost perfectly. This indicates that
the webcache is mainly populated by the nodes with degree
more than 18 and only 37% of low degree nodes (2 < k < 18)
can be present in the webcache due to its finite size.

VII. CONCLUSION AND DESIGN GUIDELINES TO THE
NETWORK ENGINEERS

This paper brings forward an important message that pref-
erential attachment may also result in a bimodal degree distri-
bution which superpeer topologies exhibit. This happens when
preferential attachment takes into consideration three features
simultaneously; the node weight (quantifies the amount of
resource, processing power, storage space), current degree and
the available bandwidth. The developed formalism points to
the fact that accurate computation of the degree distribution of
a network is possible (as shown in the Fig. 4(b) for Gnutella)
only based on the bootstrapping protocol and the information
about the nature of web cache. In addition to that, rigorous
analysis of our formalism leads to some suggestions to the
network engineers which they may use to improve the servent
program. Specifically two areas of servent program - boot-
strapping protocol and GWebcache updation can be improved.
1. Bootstrapping: The bootstrapping protocols can be prop-
erly modified to control the cutoff degrees of the individual
nodes in the network and subsequently the amount of super-
peers. Section IV-A3 shows that instead of joining the network
with different bandwidth levels, using a few (or single) cutoff
degrees is optimal for the emergence of high amount of
superpeers in the network. In Gnutella, different nodes join
the network with individual bandwidth which widely varies.
However, the bootstrapping protocols can be properly designed
to restrict the number of different cutoff degrees in the network
(by regulating the cutoff degrees of the individual joining
nodes). This measure will result the presence of superpeer
nodes in the network in a large number (Fig 3(b)). 2. Updation
of GWebCache: GWebcache is periodically populated by the
online peers/superpeers nodes based on the specific servent
implementation [5]. Two important results have been reported
(a) high weighted node can increase the fraction of superpeers
only upto a level (section III-B1) (b) presence of too many high
weighted nodes may be detrimental (section III-B2). Hence
instead of blindly updating the ‘popular’ nodes in GWebCache,
proper design based upon nodes’ weight and degree need to be
undertaken. Simultaneously the bootstrapping protocol, unlike

present scheme of blindly accepting nodes from GWebCache,
should sieve appropriate nodes from the host list of the web

(25¢ache (section III-B4). This selection of nodes can have a

strong influence on the different services like searching and
file downloading latency.
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