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SUMMARY In this paper we propose a file replication scheme inspired
by a thermal diffusion phenomenon for storage load balancing in unstruc-
tured peer-to-peer (P2P) file sharing networks. The proposed scheme is de-
signed such that the storage utilization ratios of peers will be uniform, in the
same way that the temperature in a field becomes uniform in a thermal dif-
fusion phenomenon. The proposed scheme creates replicas of files in peers
probabilistically, where the probability is controlled by using parameters
that can be used to find the trade-off between storage load balancing and
search performance in unstructured P2P file sharing networks. First, we
show through theoretical analysis that the statistical behavior of the storage
load balancing controlled by the proposed scheme has an analogy with the
thermal diffusion phenomenon. We then show through simulation that the
proposed scheme not only has superior performance with respect to bal-
ancing the storage load among peers (the primary objective of the present
proposal) but also allows the performance trade-off to be widely found.
Finally, we qualitatively discuss a guideline for setting the parameter val-
ues in order to widely find the performance trade-off from the simulation
results.
key words: P2P file sharing networks, storage load balancing, thermal
diffusion

1. Introduction

Recently, peer-to-peer (P2P) network models have attracted
a great deal of attention. The concept of the P2P network
model is completely different from that of a conventional
client-server network model. While a conventional server-
client network model explicitly distinguishes hosts provid-
ing services (servers) from hosts receiving services (clients),
a P2P network model does not assign fixed roles to hosts.
Hosts composing P2P networks, referred to as peers, can be
both servers and clients, so that P2P networks can theoret-
ically function as an autonomous, distributed, and coopera-
tive system.

One of application of P2P networks that is of interest
is a distributed storage system for file sharing. A distributed
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storage system for file sharing provides a large amount of
storage by accumulating the unused storage of hosts, which
enables large amounts of data to be stored and shared with-
out the need for a costly file server. Although there exist
several forms of P2P networks for file sharing [2], in the
present study we focus on unstructured P2P networks that
do not have a mechanism to manage file locations.

Since unstructured file sharing P2P networks do not
have a mechanism to manage file locations, a query dis-
tribution mechanism is needed to find requested files. An
approach to enhance file search performance of the query
distribution mechanism is to make replicas of files so as
to increase the total number of files in the network. Al-
though further enhancement of file search performance can
be achieved by making replicas of files in specific peers
through which search queries pass frequently, such behavior
causes the bias of storage load to the specific peers. Also,
since storage load balancing in the networks means that sev-
eral files are not put on specific peers through which search
queries pass frequently, and therefore, it leads to the degra-
dation of file search performance. Therefore, there must be
a trade-off between storage load balancing and search per-
formance in unstructured file sharing P2P networks. This
trade-off should be taken into consideration for controlling
unstructured file sharing P2P networks.

The present paper focuses on a file replication scheme.
Although an original purpose of the file replication is to im-
prove file search performance, the present paper considers
the cancellation of storage load bias caused as a counter-
action of the improvement of file search performance. We
propose a file replication scheme that considers storage load
balancing inspired by nature, in which the order appears
to be maintained in an autonomous and distributed man-
ner. The statistical behavior of the proposed file replica-
tion scheme has an analogy with the phenomenon of ther-
mal diffusion. Furthermore, the proposed scheme includes
parameters to widely find the trade-off between storage load
balancing and search performance existing in unstructured
P2P file sharing networks. We conduct a theoretical anal-
ysis to reveal an analogy between the proposed replication
scheme and a thermal diffusion equation, and experimen-
tally examine the ability of the proposed scheme not only to
balance the storage load among peers but also to find the per-
formance trade-off. The ability to widely find the trade-off
relationship is important because it is impossible to uniquely
define the universally best trade-off point due to various user
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requirements and operated policies for storage load balanc-
ing and search performance.

The present paper is organized as follows. Section 2
briefly describes related research. Section 3 proposes a file
replication scheme inspired by thermal diffusion and shows
analytically that the proposed scheme has an analogy with a
thermal diffusion equation. The proposed scheme is experi-
mentally evaluated in Sects. 4 and 5. Finally, Sect. 6 presents
the conclusions obtained through the analysis.

2. Related Studies

Replication schemes have been developed mainly for un-
structured P2P networks that do not have a means of manag-
ing file locations [3], [4]. This is because searching in such
networks is blind, and replicas of files distributed over the
networks should contribute to quick and reliable file search-
ing. However, these studies focused only on search effi-
ciency and did not consider load imbalance among peers as
a trade-off for search efficiency. On the other hand, load bal-
ancing schemes have been developed mainly for structured
P2P networks that have a means of managing file locations
such as a distributed hash table (DHT) [5], [6]. This is be-
cause fixed file locations provided by P2P using DHT can
be the cause of load imbalance among peers, depending on,
for example, how the identifier space is constructed, how the
subspace is assigned to peers, and differences in popularity
between files.

Our previous study [7] focused on replication schemes
in unstructured P2P file sharing networks. Our objective
was not only to achieve good search performance, as in
previous studies on unstructured P2P networks, but also to
achieve storage load balancing, as in previous studies on
structured P2P networks. Here, the storage load of a peer is
defined as the storage utilization ratio which is the ratio of
the consumed capacity to the total capacity. These replica-
tion schemes were designed mainly to achieve storage load
balancing, but by adjusting their parameter values, we found
the trade-off between search performance and storage load
balancing. In particular, we proposed three different repli-
cation schemes in our previous paper: Path Random Repli-
cation, Path Adaptive Replication, and Path Adaptive Repli-
cation with Priority Level. All these schemes are based on
Path Replication that creates replicas of files in peers on the
search path (with probability 1). However, these schemes
are all probabilistic replication schemes that create replicas
of files in peers on the search path as well as Path Replica-
tion and differ in how they decide the probability with which
file replicas are created, where the search path is formed by
random walk-based query forwarding mechanism.

The replication scheme proposed in the present paper
also creates file replicas in peers on the search path prob-
abilistically, where the search path is formed by random
walk-based query forwarding mechanism. The proposed
scheme is mainly intended to achieve storage load balanc-
ing, but also to find a wide range of trade-off points between
search performance and storage load balancing by adjust-

ing its parameter values. The proposed scheme is based on
Path Adaptive Replication (PAR). The key concept of PAR
is that the probability with which a replica of a requested file
is created in a peer at location x on the search path is deter-
mined using the storage utilization ratio of the peer at time
t, L(x, t) (0 ≤ L(x, t) ≤ 1). This probability is hereinafter
referred to as the file replication ratio. The file replication
ratio is given by the following equation:

P(x, t) = 1 − 1 − e−ξL(x,t)

1 − e−ξ
, (1)

where ξ is a tunable parameter to vary the average value of
replication ratios M ∈ [0, 1], and ξ is obtained from M by

evaluating M =
∫ 1

0
P(x, t)dL. In addition, P(x, t) satisfies

the following conditions:

• When the storage load of the peer is high, the replica-
tion ratio becomes low
• When the storage load of the peer is low, the replication

ratio becomes high

This scheme allows each peer to independently control stor-
age utilization by means of changing the file replication ratio
to achieve fair storage utilization among all of the peers. Pa-
rameter ξ is adjusted not only for storage load balancing, but
also for better search performance, and therefore for explor-
ing the trade-off between storage load balancing and search
performance.

Unlike PAR, the file replication scheme proposed in the
present paper is designed to use the storage utilization ratios
of peers adjacent to the focus peer, thus achieving network-
wide storage load balancing. More specifically, the pro-
posed scheme determines the file replication ratio in the fo-
cus peer by using the difference between its storage utiliza-
tion ratio and those of its neighboring peers. Here, neigh-
boring peers are defined as ones 1-hop away from the focus
peer.

Dynamic load balancing schemes with only local peer
communication as in the proposed replication system, re-
ferred to as diffusive load balancing schemes, have been in-
vestigated primarily with respect to distributed computing
[8]–[10]. These systems basically rely on a diffusion equa-
tion. Load balancing in distributed computing usually re-
sults in greater computing efficiency. Since maximum com-
puting efficiency is the only primary objective, no trade-off
exists. However, in P2P file sharing networks, better load
balancing can cause deterioration in the primary objective
of search efficiency, resulting in a trade-off. This suggests
that load balancing schemes used in distributed computing,
including parameter tuning schemes, might not be suitable
for direct application to load balancing in P2P file sharing
networks. In addition, while conventional diffusive load bal-
ancing schemes ‘diffuse’ the direct causes of load, such as
computational tasks, among nodes, the proposed replication
scheme does not use such a direct approach to achieve load
balancing.
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3. Storage Load Balancing Inspired by Thermal Diffu-
sion

3.1 Motivation

Search performance must be enhanced in unstructured P2P
file sharing networks, because they have no file location
management system. This may be achieved by replicating
files over the network, allowing a query forwarding mecha-
nism to find requested files quickly and reliably. This is re-
ferred to as a file replication scheme. One of the simplest file
replication schemes is Path Replication that creates a replica
of a requested file on the current search path provided by a
query forwarding method [3], [4].

For query forwarding, random walk-based methods are
often employed for unstructured P2P file sharing networks
because of their ease of implementation. Considering a
random walk on an arbitrary network, the probability with
which a random walker stays at a node is shown to be pro-
portional to the degree of the peer [11]. Therefore, random
walk-based query forwarding methods are likely to include
peers of high degree in the paths that they create. If repli-
cation schemes that create a replica of a requested file on
the current search path are used together with random walk-
based query forwarding methods, more files are replicated in
high-degree peers than in low-degree peers. The advantage
of Path Replication with random walk-based query forward-
ing for enhancing search performance has been discussed in
[4]. Although this situation is good for enhancing search
performance, the storage load would be biased to higher de-
gree peers, and as a result, the P2P network might be un-
stable and unreliable. Of course, the disadvantage on the
storage load bias would be increased when flooding-based
query forwarding is used.

Considering into the above mentioned advantage and
disadvantage, as in our previous study [7], in the present
study, we attempt to find a file replication scheme based on
Path Replication that achieves storage load balancing using
random walk-based query forwarding method. Here, the
definition of load balance in this paper is allocating load
uniformly independent of the number of edges a node has.
Since file search in unstructured file sharing P2P networks
function in an autonomous and distributed manner, it is de-
sirable for storage load balancing to function in the same
manner.

With respect to autonomous and distributed storage
load balancing, the natural world is a great source of in-
spiration because nature itself appears to be ordered in this
way. We can therefore look at natural physical phenomena,
especially the phenomenon of diffusion, and make an anal-
ogy between the mechanism of diffusion and storage load
balancing. Diffusion is a common physical phenomenon,
manifesting itself as heat diffusion through a steel plate or a
drop of colored ink spreading through water.

Next, we will examine the phenomenon of thermal dif-
fusion, and consider the analogy between thermal diffusion

and the proposed storage load balancing scheme. When heat
diffuses through a substance having a thermal gradient, the
diffusion is governed only by the local thermal gradient and
conductivity, according to a differential equation describing
thermal diffusion. This implies that thermal diffusion oc-
curs only through linked local behaviors based on the local
thermal gradient. An analogy may be made between ther-
mal diffusion and storage load balancing by file replication
in unstructured P2P file sharing networks, by considering
the steel plate to be a P2P network, considering a part of the
plate to be several peers in the network, and considering heat
to be the storage load of the peers. In addition, file repli-
cation corresponds to heating of the steel plate. Whereas
in thermal diffusion, heat provided by heat sources diffuses
through a substance, in the storage load balancing model,
storage load ‘diffuses’ through peers on the current search
path.

However, there are several differences between file
replications for storage load balancing and thermal diffu-
sion. For instance, whereas thermal diffusion is a phe-
nomenon in which the entire steel plate is involved, the file
replication locations considered herein are limited to peers
on search paths. In the following we will present a method
by which to apply the analogy of thermal diffusion to storage
load balancing in P2P networks while taking this difference
into account.

3.2 Basic Concept

In thermal diffusion, every local non-uniform distribution
of temperatures becomes a uniform distribution. Similarly,
we suppose that in storage load balancing, every local non-
uniform distribution of storage utilization ratios becomes a
uniform distribution based on the difference in storage uti-
lization ratios between the focus peer and its neighboring
peers.

Suppose that a network simply consists of three peers
A, B, and C, and logical links are made between peers B and
A and between peers A and C, and are therefore aligned in
the order B, A, C. Next, we introduce the following expres-
sion, which represents the difference between the storage
utilization ratio of peer A and the average storage utilization
ratio of its neighboring peers B and C:

L(B, t) + L(C, t)
2

− L(A, t) (2)

Expression (2) suggests that the lower the storage utilization
of peer A (second term) compared to the average storage uti-
lization of its neighboring peers (first term), the bigger the
value, and vice versa. In addition, Expression (2) takes its
largest value 1 when L(B, t) = L(C, t) = 1 and L(A, t) = 0
and its smallest value −1 when L(B, t) = L(C, t) = 0 and
L(A, t) = 1. Thus, we can measure the relationship between
the storage utilization ratio of peer A and the average of
the storage utilizations of its neighboring peers B and C by
means of Expression (2).

In terms of storage load balancing, the creation of repli-



528
IEICE TRANS. COMMUN., VOL.E93–B, NO.3 MARCH 2010

cas of files in peer A should be actively performed when the
value of Expression (2) becomes larger, and vice versa. If
we consider only the storage utilization ratios of individual
peers, we cannot embed the above storage load balancing
strategy in a file replication scheme. Thus, for better stor-
age load balancing, it is desirable that the determination of
whether or not replicas of files are created in peers must
be done by taking into account the relationship between the
storage utilization ratio of a focus peer and its neighboring
peers.

Based on the above discussion, we will consider below
an actual method for observing the difference between the
storage utilization ratio of a focus peer and its neighboring
peers.

First, we introduce an operator D to L(x, t). Although
the operator D is used only with L(x, t) in this paper, the
introduction of the operator is helpful for understanding an
interesting meaning of the proposed scheme (see Sect. 3.4).
The operator D derives a new function D · L(x, t) from the
function L(x, t), where D · L(x, t) is defined as the difference
between the storage utilization ratio of the peer and the av-
erage of its neighboring peers. That is, D · L(x, t) is defined
as the following equation:

D · L(x, t) =

∑d(x)
i=1 L(xi, t)

d(x)
− L(x, t), (3)

where xi (i = 1, . . . , d(x)) denotes a peer adjacent to peer
x and d(x) denotes the degree of peer x. Equation (3) with
d(x) = 2 is equivalent to Expression (2). As with Expression
(2), D·L(x, t) takes (i) its largest value 1 when the storage uti-
lization ratio of peer x is 0 (i.e., L(x, t) = 0) and the storage
utilization ratios of all of its neighboring peers are 1 (i.e.,
L(xi, t) = 1) and takes (ii) its smallest value −1 when the
storage utilization ratio of peer x is 1 (i.e., L(x, t) = 1) and
the storage utilization ratios of all of its neighboring peers
are 0 (i.e., L(xi, t) = 0). This range of values is represented
by the following inequality:

−1 ≤ D · L(x, t) ≤ 1. (4)

In the present paper, we propose a scheme that adjusts
the replication ratio P(x, t) of peer x using D · L(x, t). More
specifically, the replication ratio P(x, t) is designed to meet
the following conditions:

• When the storage utilization ratio of peer x is lower
than its neighboring peers (i.e., the value of D · L(x, t)
is large), the replication ratio P(x, t) becomes higher
• When the storage utilization ratio of peer x is higher

than its neighboring peers (i.e., the value of D · L(x, t)
is small), the replication ratio P(x, t) becomes lower

In the next section, we will provide several example
definitions of P(x, t) that meet the above conditions.

3.3 Replication Scheme for Storage Load Balancing

As a simple example, we consider a replication ratio P(x, t)

that increases linearly with D · L(x, t). In this case, P(x, t) is
represented by the following equation:

P(x, t) =
1
2
+

1
2

D · L(x, t), (5)

where 0 ≤ P(x, t) ≤ 1. Equation (5) suggests that P(x, t)
becomes high when the average storage utilization of peers
adjacent to peer x is higher than that of peer x, and vice
versa. In Sect. 3.5, we will show that the storage distribution
described with this replication ratio has basic similarities to
thermal diffusion.

Equation (5) gives a linear variation of P(x, t) for all
values of D · L(x, t). However, from a practical point of
view, P(x, t) should be more flexible, such that the varia-
tion of P(x, t) is more sensitive to the variation of D · L(x, t)
over certain areas of its range. For example, Eq. (5) can be
modified as follows:

P(x, t) =
1
2
+

1
2

tanh
(
μ + λ tanh−1 D · L(x, t)

)
, (6)

where Eq. (6) with λ = 1 and μ = 0 is equal to Eq. (5).
Graphs of Eq. (6) with various sets of values of (μ, λ), which
will be used for simulation experiments in Sect. 4, are shown
in Fig. 1. As shown in Fig. 1, λ is a parameter that can be
used to adjust the sensitivity of P(x, t) to D · L(x, t). In ad-
dition, μ is a parameter used to determine the replication
ratio of peers not only after perfect storage load balancing
is achieved, but also when λ = 0, because from Eq. (6) the
replication ratio ρ for the case in which D · L(x, t) = 0 for all
of the peers or λ = 0 is as follows:

ρ =
1
2
+

1
2

tanh(μ) (7)

In particular, when λ = 0, the proposed replication scheme
is equivalent to Path Random Replication with a replication
ratio ρ, where Path Random Replication creates a replica of
a requested file in peers on the current search path with a
fixed replication ratio.

3.4 Relationship between Operator D and Laplacian

Here, we will show that the operator D can be regarded as a
sort of Laplacian, which is a second-order differential. This
parallel is fundamental in discussions concerning the anal-
ogy between the proposed file replication scheme and ther-
mal diffusion.

We assume the same simple network as that shown in
Sect. 3.2. Equation (2) can be transformed into the following
equation:

L(B, t) + L(C, t)
2

− L(A, t)

=
1
2
{(L(B, t) − L(A, t)) − (L(A, t) − L(C, t))} (8)

This equation suggests that Eq. (2) corresponds to a (dis-
crete) second-order derivative of L(x, t) on x when we as-
sume a row of peers A, B, and C to be an axis. The impor-
tant point is that the three peers A, B, and C are aligned, and
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Fig. 1 P(x, t) with a variety of sets of values of (μ, λ), as defined by Eq. (6).

because of this Eq. (2) can be regarded as a second-order
derivative on the axis including peers A, B, and C.

Next, we assume more general P2P networks, in which
connection between peers is not limited to a series connec-
tion. In this case, D · L(x, t) is represented by the following
equation:

D · L(x, t)

=

∑d(x)
i=1 L(xi)

d(x)
− L(x)

=
1

d(x)(d(x) − 1)

∑
i< j

{(L(xi) − L(x)) + (L(x j) − L(x))}

(9)

This equation suggests that when we consider a row of xi,
x, and x j (xi-x-x j) with respect to all of the combinations
of i and j (i < j) to be an axis, D · L(x, t) represents the
sum of (discrete) second-order derivatives on xi, j in L(x, t),
where xi, j corresponds to the axis of xi-x-x j. This means
that the continuous representation of operator D is given by
the d(x)(d(x) − 1)-th-order Laplacian:

∑
i< j

∂2

∂x2
i, j

. (10)

Note that the replication ratio P(x, t) defined in the pre-
vious section becomes high when D · L(x, t) > 0 and low
when D · L(x, t) < 0. In other words, the replication ratio
P(x, t) becomes high when the storage utilization ratio on
a P2P network is convex at peer x, compared to its neigh-
boring peers, and becomes low when the storage utilization
ratio on a P2P network is concave at peer x, compared to its
neighboring peers.

3.5 Analogy to Thermal Diffusion

In this section, we will analytically show that the proposed
replication scheme is analogous to a thermal diffusion equa-
tion. The analogy is validated by the fact that an essential
term in a thermal diffusion equation appears in a statistical

expression for the proposed replication scheme. Further-
more, a term representing a continuously active heat source
also appears in the statistical expression. The heat source
term indicates that the total amount of storage load in a net-
work increases steadily. We will discuss these points in de-
tail later.

We will define several symbols prior to the analysis.
First, let E[X] be an expectation value for random variable
X, and let E[X|Y] be a conditional expectation value for ran-
dom variable X when random variable Y is given.

We will define further random variables by assuming
in the following analysis that file search in a P2P network is
stochastic (non-deterministic). Let L(x, t) be a random vari-
able that represents the storage utilization ratio of peer x at
time t. The analysis is valid only when 0 ≤ L(x, t) ≤ 1. In
addition, let R( f ) be a random variable that represents the
size of file f , which can be the target of a search. Further-
more, let I(x, t) be a random variable that indicates whether
peer x is on the current search path at time t. That is, I(x, t)
is 1 when it is on the current search path, and 0 otherwise.

Therefore, the product of two random variables R( f )
and I(x, t) can be interpreted as the rise of the storage uti-
lization of peer x at time t for the case in which a stochastic
file search is performed in a certain network. The product
value depends on the network topology and the file search
path (depending on the file search method). Finally, let C(x)
be a random variable that represents the storage capacity of
peer x.

The analysis begins with calculation of the storage uti-
lization ratio at time t + Δt, i.e., a unit of time Δt after time
t. The result is as follows:

E[L(x, t + Δt)|L(x, t),R( f ), I(x, t),C(x)]

= L(x, t) + P(x, t)
R( f )I(x, t)Δt

C(x)
(11)

This equation holds for any P(x, t). Substituting Eq. (5) for
P(x, t) in Eq. (11), we obtain the following equation:

E[L(x, t + Δt)|L(x, t),R( f ), I(x, t),C(x)] − L(x, t)
Δt
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=
R( f )I(x, t)

2C(x)
+

R( f )I(x, t)
2C(x)

D · L(x, t). (12)

The simplest representation of a thermal diffusion
equation when we let T (x, t) be the temperature of position
x at time t is as follows:

∂T (x, t)
∂t

= K
∂2

∂x2
T (x, t), (13)

where K is a positive constant value called diffusion coef-
ficient. The right-hand side of this equation has the same
form as the second term in the right-hand side of Eq. (12),
which implies that the proposed replication scheme is able
to balance the storage load among peers. In addition, the
first term in Eq. (12) implies that an effect similar to a con-
stant heat source exists in the P2P network.

If we substitute Eq. (6), in place of Eq. (5), for P(x, t)
in Eq. (11), and apply a Taylor expansion to the substituted
Eq. (11) for D · L(x, t) ∼ 0 and μ ∼ 0, we obtain the first-
order approximation of the substituted Eq. (11), as follows:

E[L(x, t + Δt)|L(x, t),R( f ), I(x, t)] − L(x, t)
Δt

=
R( f )I(x, t)(1 + μ)

2C(x)
+
λR( f )I(x, t)

2C(x)
D · L(x, t). (14)

Since the second term on the right-hand side of Eq. (14) cor-
responds to the diffusion of heat, we can expect that increas-
ing the value of λ improves the performance for storage load
balancing. In addition, since the first term on the right-hand
side of Eq. (14) corresponds to a heat source, we can expect
that increasing the value of μ improves the search perfor-
mance.

4. Evaluation

In the previous section, we showed analytically that the
proposed replication scheme can be expected to achieve
network-wide storage load balancing because it is strongly
analogous to thermal diffusion. Here, we will evaluate the
proposed replication scheme through simulation, with re-
spect to not only storage load balancing but also search per-
formance. The replication ratio used in the evaluation is
given by Eq. (6).

In addition, we will evaluate whether the proposed
replication scheme has a better ability to find a wider
range of trade-off points between storage load balancing
and search performance. This is because there are vari-
ous possible demands for the network performance accord-
ing to the satisfaction of users and the policies of network
operators. For example, certain network operators/users
might attach importance to the search performance, while
another network operators/users might attach importance to
the load-balancing performance. Thus, it is important to
show that the proposed replication scheme has a better abil-
ity to achieve various possible demands for the network per-
formance.

Fig. 2 Distribution of the degree of peers in the simulated network. This
distribution follows a power law.

4.1 Simulation Model

The configuration of the P2P network simulation model is
described as follows. The total number of peers present in
the network is 10,000, and the total number of links between
peers is 20,000. The distribution of the degree of peers in
the network is shown in Fig. 2. The topology of the P2P net-
work in the simulation model used is generated by the algo-
rithm described in [12]. The topology follows a power law
[13]–[15] with respect to the distribution of degree. Since
the Gnutella network is a representative unstructured net-
work that follows an approximate power law with respect to
the distribution of the degree of peers [16], it is valid to use
the network topology following a power law for the inves-
tigation of unstructured P2P networks. The present paper
considers static network topology.

The maximum storage capacity of every peer is 40.
One file consumes one unit of storage, so that the maximum
number of files that a peer can hold is 40. When the storage
capacity of a peer is full and a request for a replica of a re-
quested file arrives at the peer, the oldest file is replaced by
the requested file (i.e., a FIFO replacement method is used).

The query forwarding method used in the present paper
is a 16-walker random walk [4]. The walk uses 16 walkers,
each with a query, which randomly walk around peers start-
ing at the peer making the query for a requested file. The
smallest number of hops among the number of hops that 16
walkers need in order to find the requested file is taken as the
number of hops in the current file search. All 16 walkers are
allowed up to 100 hops in one file search, and it is possible
for a walker to revisit the same peer more than once. In each
run of the simulation, the search for a requested file is indi-
vidually repeated 50,000 times, and the peer that makes the
query is chosen randomly. Furthermore, the file requested is
randomly determined each time. This means that all types
of files in the network have an equal chance of being chosen.

The total number of file types in the network is 100,
with 10 files initially allocated over the network for each
type of file. This initial distribution of 1,000 files is random,
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but is determined in the same way each time the simulation
model is run.

4.2 Evaluation Criteria

Using random walk-based query forwarding methods, high-
degree peers are more likely to be exposed to high load than
low-degree peers, so the load imbalance among groups of
peers of the same degree should be evaluated. Let s(d) be the
average storage utilization ratio of peers of degree d in the
network. The evaluation criterion for storage load balancing
is defined by the standard deviation of s(d):√√√dmax∑

d=1

(s(d) − s̄)2

dmax
, (15)

where dmax represents the maximum degree of the network
and s̄ is the average of s(d), defined as

∑dmax

d=1 s(d)/dmax.
Here, we use the standard deviation of s(d) at the moment at
which the average storage utilization ratio of all of the peers
in the network, called H̄, has just exceeded 0.025, 0.05, and
0.1, denoted by s1, s2, and s3, respectively. Here, a smaller
standard deviation represents better storage load balancing
ability.

The evaluation criterion for search performance is de-
fined as the number of hops needed to find the files requested
at the moment at which H̄ has just exceeded 0.025, 0.05, and
0.1, denoted by h1, h2, and h3, respectively. Here, a smaller
number of hops represents better search performance.

Three pairs of coordinates 〈s1, h1〉, 〈s2, h2〉, and 〈s3, h3〉
are obtained after running the simulation model. The model
is run 200 times for each scenario, and the average values
of those three points over 200 runs, 〈s̄1, h̄1〉, 〈s̄2, h̄2〉, and
〈s̄3, h̄3〉, are plotted. The plotted graph may show the ability
of the selected load balancing scheme in exploring the trade-
off between storage load balancing and search performance.

4.3 Results

The proposed replication scheme has two parameters, μ and
λ, as shown in Eq. (6). Tuning the values of the two pa-
rameters is necessary in order to find the trade-off between
storage load balancing and search performance sufficiently.
While search performance depends on μ, storage load bal-
ancing ability depends on λ. Therefore, we test 12 sets
of (μ, λ), being all combinations of μ = {−0.5, 0, 0.5} and
λ = {1, 5, 10, 20}.

We use two replication schemes proposed in our pre-
ceding work [7] for comparison with the proposed repli-
cation scheme. One scheme is Path Random Replication
(PRR), which makes a replica of a requested file only in
peers on the current search path with fixed probability. The
fixed probability is denoted by M, which is the same as
in Path Adaptive Replication (PAR), which is explained in
detail in Sect. 2. The second scheme is PAR. These two
schemes have only one parameter, which is M ∈ [0, 1]. As
values for M, 0.1, 0.2, · · · , and 0.9 are used.

Plotting 〈s̄1, h̄1〉, 〈s̄2, h̄2〉, and 〈s̄3, h̄3〉 for all three
schemes used gives the graphs shown in Fig. 3.

4.4 Discussion

4.4.1 Fundamental Performance

With respect to storage load balancing ability, Fig. 3 shows
that, depending on set of values of (μ, λ), the proposed repli-
cation scheme gives better performance than PRR or PAR
for any parameters and for every observation snapshot, that
is, H̄ = 0.025, H̄ = 0.05, and H̄ = 0.1. Therefore,
our primary objective, which is to achieve better ability in
balancing the storage load among peers in an autonomous
and distributed manner, could be achieved. However, the
search performance of the proposed scheme is almost the
same as or slightly worse than PRR or PAR. These results
suggest that the trade-off between storage load balancing
and search performance is similar in the three replication
schemes used. Therefore, we need to determine how widely
the three schemes are able to find this trade-off.

Figure 3 indicates that the proposed scheme shows a
wider spread of plotted points (or trade-off points) along
both axes (load balancing and search performance) than
PRR or PAR. That is, by changing the parameter values, the
proposed method can find almost identical trade-off points
to PRR and PAR, as well as trade-off points that PRR and
PAR cannot find. Therefore, the proposed scheme is the best
for exploring a wide range of trade-off points.

The scale of the horizontal axes (i.e., the variation
range of storage load balancing performance) of the three
graphs in Fig. 3 is the same regardless of the value of H̄.
The reason for this can be explained as follows. First, the
probability that a random walker (i.e., query) stays at a peer
is shown to be proportional to the degree of the peer [11].
In addition, the peer that makes the query and the file that is
requested by the peer are chosen randomly each time in the
simulation. This indicates the frequency of requests for the
creation of replicas arrive at peers each time does not depend
on H̄. Second, the storage load imbalance among peers that
has appeared each time is determined by the frequency of
requests for the creation of replicas, which does not depend
on H̄ as shown in the above, and the file replication ratio
(i.e., the acceptance ratio of the request for the creation of
replica). The proposed file replication scheme attempts to
uniform this storage load imbalance among peers by con-
trolling the file replication ratio. The file replication ratio
in a peer is uniquely defined by the storage load imbalance
among peers, which is defined by the difference between its
storage utilization ratio and those of its neighboring peers
(i.e., D · L(x, t)), as shown in Eq. (6). The differences in
the storage utilization ratio among peers does not depend
on H̄ by definition unless H̄ is close to 0 or 1 as explained
in the end of this paragraph. Therefore, the file replication
ratio does not depend on H̄, nor does the behavior of the
proposed file replication scheme. This indicates the storage
load imbalance among peers realized by the proposed file
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Fig. 3 Simulation results. The solid lines indicate the smallest standard deviations of storage utiliza-
tion ratios that PRR and PAR could achieve. The broken lines indicate the smallest numbers of hops
that PRR and PAR could achieve.

replication scheme does not depend on H̄. Finally, the stor-
age load balancing performance is evaluated based on the
standard deviation of s(d) of which the definition does not
depend on H̄, as shown in Eq. (15). The above three remarks
indicate that the storage load balancing performance, which
is evaluated based on the standard deviation of s(d), does not
depend on H̄. However, the storage load balancing perfor-
mance must depend on H̄ when most of the peers experience
L(x, t) ∼ 0 (resp. 1) (i.e., H̄ ∼ 0 (resp. 1)). That is, if H̄ ∼ 0
(resp. 1), then the standard deviation of s(d) becomes close
to 0.

On the other hand, the scale of the vertical axes (i.e.,
the variation range of the search performance) of the three
graphs in Fig. 3 is different. That is, the scale decreases and
narrows as the value of H̄ increases. This is because the
number of hops needed to find the requested files decreases
as the value of H̄ increases since the search performance
improves as the number of files in the network increases.

4.4.2 Guideline on Settings of Parameter Values

The proposed replication scheme has two parameters μ and
λ. Therefore, the trade-off point realized between storage
load balancing and search performance would vary based
on the tuning of the two parameters. In the following, we
present a qualitative discussion about the relationship be-
tween the values of parameters and the performance of the
proposed scheme using the simulation results. Although
qualitative guideline of parameter tuning does not offer a
solid method that can ensure an exact achievement of a spe-
cific trade-off point, it is still useful as a first step to realize
a parameter tuning method with trial-and-error manner.

In the simulation experiments, a random walk-based
query forwarding method was used. According to an exist-
ing theory on random walk in a network [11], the probabil-
ity with which a walker with a query approaches a node is
proportional to the degree of the node. Therefore, we can
consider that a request for the creation of a replica of a file
arrives (via a walker) more frequently at peers of higher de-

gree. In addition, since the initial load states of all of the
peers were approximately the same in the experiments, the
peers are considered to have experienced D · L(x, t) ∼ 0, at
least during the early stage of the file searches. Consider-
ing these two features collectively, high-degree peers would
mostly experience D · L(x, t) ∼ 0 and D · L(x, t) < 0, and
low-degree peers would mostly experience D · L(x, t) ∼ 0
and D · L(x, t) > 0, at least during the early stage of the file
searches.

First, suppose that we fix the value of μ and vary
the value of λ. Since the second term in the right-hand
side of Eq. (14) corresponds to heat diffusion, increasing
the value of λ would improve the storage load balancing
performance. At the same time, improving storage load
balancing by increasing λ would cause a degradation of
search performance, because at high-degree peers (at which
search queries frequently arrive), the number of files be-
comes smaller. Next, suppose that we vary the value of
μ and fix the value of λ. Since the first term in the right-
hand side of Eq. (14) corresponds to a heat source, increas-
ing the value of μ would improve the search performance.
From Fig. 1, we can see that P(x, t) for D · L(x, t) ∼ 0 and
D · L(x, t) < 0, which higher degree peers mostly experi-
ence, becomes larger as μ increases relative to P(x, t) for
D · L(x, t) ∼ 0 and D · L(x, t) > 0, which lower degree peers
mostly experience. That is, we consider that the ratio be-
tween a replication ratio of a lower degree peer (PL) and
that of a higher degree peer (PH), PH/PL, increases with the
value of μ. The probability of a query arriving at a higher
degree peer (QH) is higher than that of a query arriving at a
lower degree peer (QL), i.e., QH > QL. Coupling this obser-
vation with the previous observation, we can consider that
the ratio between the storage utilization ratio of the lower
degree peer (UL ∝ QL × PL) and that of the higher degree
peer (UH ∝ QH × PH), UH/UL, becomes higher with the
value of μ, and consequently the storage load balancing per-
formance becomes worse. In summary, we can hypothesize
as follows:
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Fig. 4 Relationship between values of μ and λ and performance of proposed scheme.

• With the value of μ fixed, the bigger the value of λ, the
better the storage load balancing performance and the
worse the search performance.
• With the value of λ fixed, the bigger the value of μ, the

worse the storage load balancing performance and the
better the search performance.

The simulation results do support the idea that with the
value of μ fixed, the load balancing performance improves
with the value of λ, while the search performance deterio-
rates. Typical examples are shown in Figs. 4(a) and (b). On
the other hand, the results partially support the idea that with
the value of λ fixed, the load balancing performance dete-
riorates with the value of μ, while the search performance
improves. Typical examples are shown in Figs. 4(c) and (d).
This hypothesis seems to be satisfied only when H̄ = 0.025
and H̄ = 0.05. This could be because the assumption that
the peers stay around D · L(x, t) ∼ 0 is correct only in these
situations.

5. Advanced Evaluation

In the evaluation of Sect. 4, the factors to cause load bias
among peers were network topology and a query forward-
ing method. In this section, we will examine a stronger
load bias among peers by using a query forwarding method
that differs from the method used in Sect. 4 and examine
whether the proposed replication scheme can balance the
storage load even in such a case.

The query forwarding method used in this section is
the degree proportional-based k-walker random walk. In the
degree proportional-based k-walker random walk, the next
hop peer of each walker is selected from the neighboring
peers by the probability that is proportional to the degree of
the peers, while the original k-walker random walk uses a
random selection policy for the next hop peer. The prob-
ability for selecting peer xi as the next hop peer of peer x
in the degree proportional-based k-walker random walk is
given by

d(xi)∑d(x)
i=1 d(xi)

, (16)

where xi denotes a peer adjacent to peer x and d(x) denotes
the degree of peer x.

We performed the same simulation as that in Sect. 4
using the degree proportional-based k-walker random walk
rather than the original k-walker random walk. The simula-
tion results are shown in Fig. 5.

The simulation results in Fig. 5 are similar to those
in Fig. 3, so the argument given in the previous sections
is mostly valid in this section as well. That is, com-
pared to other replication schemes, even when the degree
proportional-based k-walker random walk, which would
promote a storage load unbalance, is used, the proposed
scheme has a better ability to balance storage load among
peers and finds a wider range of trade-off points between
storage load balancing and search performance.

However, the simulation results given in this section are
different from those of the discussion in the previous section
in the case of H̄ = 0.025. That is, as shown in Fig. 5(a),
the search performance is poor when the value of μ is the
largest (i.e., μ = 0.5). In the following, we will discuss this
difference and show that it can be seen as a kind of transient
state before sufficient storage load balancing is achieved.

High-degree peers are more likely to be on the search
path in the degree proportional-based k-walker random walk
compared to the original k-walker random walk. Therefore,
requests for the creation of replicas arrive more frequently at
high-degree peers in the degree proportional-based k-walker
random walk than the original k-walker random walk. In ad-
dition, the replication ratio P(x, t) is large when the value of
μ is large. Therefore, when the value of μ is large, replica
creation is concentrated on high-degree peers until the value
of D · L(x, t) (i.e., P(x, t)) becomes sufficiently close to 0.
The concentration is increased particularly when the value
of H̄ is small, because D · L(x, t) is not sufficiently close
to 0 in the early stage of the simulation. That is, low-
degree peers hardly have replicas in the degree proportional-
based k-walker random walk when the value of H̄ is small.
Therefore, in the degree proportional-based k-walker ran-
dom walk, if the search path happens to be composed mostly
of low-degree peers which have few replicas, the number
of hops for file search increases greatly, although, in many
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Fig. 5 Simulation results for the degree proportional-based k-walker random walk. The solid lines
indicate the smallest standard deviations of storage utilization ratios that PRR and PAR could achieve.
The broken lines indicate the smallest numbers of hops that PRR and PAR could achieve.

cases, file search would succeed with a small number of
hops because file search performance is highly dependent
on high-degree peers. We can justify the above hypothe-
sis by observing the number of hops needed to find the re-
quested file in the early stage of a simulation. That is, we
confirmed that the number of hops often becomes 100 hops
for the entire period only when μ = 0.5, where 100 hops
is the maximum number of hops allowed in one file search.
An extremely large number of hops for file search makes the
mean number of hops large. Note that the above-mentioned
tendency is decreased when the value of λ is large because
the bias of the number of created replicas among peers are
eliminated in such a case.

The simulation results presented in this section and in
the previous section indicate that the relationships between
the parameter values and the performance depends on the
states: the state in which only a few replicas of files are dis-
tributed over the network, that in the state in which replicas
are sufficiently distributed, and that in the medium state. The
reason why the relationship in the state in which replicas
of files are sufficiently distributed over the network differs
from those of the other states is that the storage utilization
ratios of some peers have reached one, and their states of
storage load cannot be distinguished. This situation is not
desirable because a storage load balancing mechanism does
not work fully. Therefore, for example, using the storage
access ratio per unit time rather than the storage utilization
ratio would make it possible not only to guess the relation-
ship but to maintain a stable state in which a storage load
balancing mechanism works as well.

6. Conclusion

The present paper has introduced a file replication scheme
that is analogous to thermal diffusion and is intended to bal-
ance the storage load among peers in an autonomous and
distributed manner. The results of the theoretical analysis
have shown that the statistical behavior of the storage load

balancing controlled by the proposed scheme has an anal-
ogy with a thermal diffusion phenomenon. In addition, the
relationship between the parameter values of the proposed
scheme and its ability with respect to load balancing and
searching has been discussed. The results of the simulation
experiments have shown that, compared to other replication
mechanisms, the proposed mechanism is not only better at
balancing the storage load among peers, which was the pri-
mary objective, but also a wider range of trade-off points be-
tween storage load balancing and search performance can be
found by adjusting two parameters in the proposed scheme.
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