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Abstract. In peer-to-peer (P2P) overlay networks, the mechanism of a peer ran-
domly joining and leaving a network, causes a topology mismatch between the
overlay and the underlying physical topology. This causes a large volume of re-
dundant traffic in the underlying physical network as well as an extra delay in
message delivery in the overlay network. Topology mismatch occurs because
overlay networks are not aware of their underlying physical networks. In this pa-
per we present a mathematical model for topology awareness of overlay networks
(degree of matching between an overlay and its underlying physical network) and
the efficiency of message delivery on them. We also after determining the com-
putational complexity of the model, propose an optimization heuristic algorithm
to increase topology awareness of P2P overlay networks. Then we present the
results of running the algorithm on different kinds of random graphs and show,
how we can implement the algorithm over P2P networks.

1 Introduction

A peer-to-peer (P2P) overlay is a logical network on top of a physical network. This
means that an overlay organizes the computers in a network in a logical way so that
each node (computer) connects to the overlay network just through it’s neighbors.

In many existing P2P overlays like HyperCup [1], Chord [2], CAN [3], KazaA
[4], Gnutella [5], Pastry [6] and P2PSLN [7] when a node joins the network, it is not
optimally positioned in the overlay in respect of the underlying network such as IP
network, however some of them like Coral [8], CAN [3] and Pastry [6] consider the
topology that they ride. Not caring about network topology, in addition to losing per-
formance, increases the network link stress and causes a large amount of unnecessary
traffic over the physical links. Studies in [9] and [10] show that P2P traffic contributes
the largest portion of the Internet traffic on some popular P2P systems such as Gnutella
[5]. There are some reasons for this problem. The most important is the mechanism of
a peer randomly choosing overlay neighbors without any knowledge about the under-
lying physical network, which causes topology mismatch between the overlay and the
underlying physical network. Because of this problem, the same message may traverse
the same physical underlying link multiple times, causing redundant traffic and extra
delay.

For example, assume that nodes A, B, C and D are connect through a physical
network shown in Fig. 1. If these nodes participate in an overlay network according
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Fig. 1. Physical network which connects peers A, B, C and D

Fig. 2. Position of peers in the overlay network

to one of the two positions presented in Fig. 2(a) and 2(b) then we will have different
performances.

In the overlay of Fig. 2(a), node A sends messages to D through node B. In this
way, a message will pass across the following sequence of physical links (Fig. 1) to
reach node D from node A: 1 → 2 → 3 → 4 → 4 → 3 → 2 → 6 → 7. In the overlay
of Fig. 2(b), node A sends messages to C through node D. In this way, a message will
pass across the following sequence of physical links (Fig. 1): 1 → 6 → 7 → 7 → 6 →
2 → 5.

If we assume that delay of sending a fixed size message over each physical link
is t milliseconds, then in the overlay of Fig. 2(a), the transfer cost of edge AB is 4t
milliseconds, the cost of BD is 5t, the cost of DC is 4t milliseconds and the cost of
the overlay (sum of the costs of all edges of the overlay) is 13t milliseconds. With the
same assumptions, the cost of overlay 2(b) is 10t. Therefore the overlay 2(b) is more
congruent with the underlying physical network than overlay 2(a).

Many existing overlay networks are not congruent with their underlying physical
network topology. Thus, a fundamental challenge in using large-scale overlay networks
is to incorporate underlying topological information in the construction of the overlay
to improve message delivery performance [11].

Some examples of overlay networks which introduce topology awareness are Coral
[8], TOPLUS [12], SkipNet [13], Pastry [6] and CAN [3]. They use topological infor-
mation to reduce the latency of sending messages in the overlays.

The contribution of this paper is the presentation of a mathematical model for topol-
ogy awareness of overlay networks (degree of matching between overlay networks and
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their underlying physical networks) as well as a heuristic optimization algorithm to in-
crease topology awareness of overlay networks. In the next section we review some
related works. In section 3 we present the model. Then we show the computational
complexity class of the model in section 4. In section 5 we represent some definitions
and results about the model. In section 6 we study the model based on a distance predic-
tion mechanism and in section 7 we propose a heuristic algorithm to improve topology
awareness of overlay networks in terms of reducing the latency of message delivery
in the overlay networks. Then, in section 8 we show results of running the algorithm.
In section 9, we present issues about the implementation of the algorithm over P2P
networks and finally in section 10 we conclude this study.

2 Related Work

Some overlay networks like Coral [8] and CAN [3] incorporate underlying topological
information in the construction of the overlay networks to improve message delivery
performance. In this section we provide an overview of the mentioned overlay networks.

Coral is a peer-to-peer content distribution system which is based on a distributed
sloppy hash table (DSHT) [8]. Coral uses the following technique to enable distance-
optimized object lookup and retrieval. In order to restrict queries to nearby machines,
Coral gathers nodes in groups called clusters. The diameter of a cluster is the maximum
desired round-trip time (RTT) between any two nodes it contains. Therefore Coral uses
round-trip time as distance metric obtained from the underlying topology to gain better
performance [8].

Content Addressable Network (CAN) is a peer-to-peer overlay network which can
be described as a distributed, Internet-scale hash table. To enable distance-optimized
communication between nodes, CAN assumes the existence of a well known set of
machines (for example, DNS root name servers) that act as landmarks on the Internet. It
achieves a form of ”distributed binning” of CAN nodes based on their relative distances
from this set of landmarks. Every CAN node measures its round-trip time to each of
these landmarks and orders the landmarks in order of increasing RTT. According to
these distances, topologically close nodes are likely to have the same ordering and hence
neighbors in the overlay are likely to be topologically close on the Internet [3].

In [14] a method is presented to enhance topology awareness of unstructured peer-
to-peer systems. And [15] proposed a method to enhance topology awareness of struc-
tured peer-to-peer systems.

We saw that the mentioned overlays use underlying topological information to im-
prove their communication performance. In other words these overlays are aware of
their underlying network and use this awareness to improve their performance. Also
[14] and [15] presented some techniques to enhance topology awareness of some kinds
of overlay networks. But can we compare the degree of awareness of these overlays?
or can we say which overlay network is more congruent with its physical underlying
network? or can we increase awareness of an overlay to increase its performance?

In this paper we are going to answer these questions by modelling the topology
awareness of overlay networks. Therefore our model provides a metric for comparison
of overlay networks in terms of topology awareness.
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3 Topology Awareness Model

In this section we define a mathematical model which models the topology awareness
of overlay networks.

As we mentioned before, topology mismatch between an overlay network and its
underlying physical topology, causes redundant traffic in the physical topology and ex-
tra latency in the delivery of messages in the overlay network. So the topology mismatch
problem can be studied based on both redundant traffic and extra latency. We will study
the problem based on extra latency in message transferring. Although there is a positive
correlation between these factors. To have a sense about this correlation, roughly as-
sume that all physical links have the same properties in terms of propagation delay and
bandwidth. And assume that when a message passes across a link, causes f volume of
traffic and consumes t units of time. So if a message that is sent in the overlay network,
passes across n physical links, then it causes n × f volume of traffic in the physical
network and consumes n × t units of time. So the volumes of traffic and latency have
positive correlation.

Hereafter, we study the degree of matching between an overlay network and its
underlying physical network (topology awareness of the overlay network) based on
extra latency in message delivery and build our model based on it.

We define L(IPu, IPv) as the communication cost of sending a message between
two neighboring nodes u and v in terms of latency (L(IPu, IPv) approximates the dis-
tance of nodes u and v in a physical topology in terms of delivery time). We assume that
L(.) is symmetric1. This means that L(IPu, IPv) = L(IPv, IPu). Also the value of
L(IPu, IPv) is not constant and may change by time. So we assume that L(IPu, IPv)
is the average communication cost of sending a message between two neighboring
nodes u and v. We call L(IPu, IPv) the weight of the edge which connects u and
v. Also

∑
uv∈E(overlay) L(IPu, IPv) is the sum of weights of all the edges.

There are several metrics to estimate the distance between two internet hosts in
terms of latency. For example IP path length, autonomous system path length, actual ge-
ographic distance and previously measured round trip times (RTT) [16]. Several efforts
to obtain various sorts of distance information and other Internet characteristics were
done in [17], [18], [19], [20], [21] and [22]. We can compute L(IPu, IPv) using any
of the mentioned metrics. So we will not go through the computation of L(IPu, IPv)
more. Instead we assume that the function is given and we build our model based on it.
Although in section 6 we will verify our model based on computing L(.) according to
the GNP [21] mechanism. In the rest of this paper we assume that the range of L(.) is
positive integers (including zero). This assumption is correct because in the real world
we can use smaller units like nanoseconds instead of milliseconds to free from decimal
values.

Definition 1. If G = (E, V ) is the representative graph of an overlay, we define layout
function φ as follows: φ : V → {IP1, . . . , IP|V |}, IPi ≥ 0, if i �= j → IPi �= IPj .

Definition 2. If G = (E, V ) is the representative graph of an overlay with layout φ,
we define the overlay cost as follow: cost(G, φ) =

∑
uv∈E L(φ(u), φ(v)).

1 If we assume that L(.) is not symmetric then we can model an overlay using a directed graph.
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The goal is to find a layout φ that minimizes cost(G, φ). It means that nodes are
positioned in the overlay in such a way that the latency of a message delivery becomes
minimum in average. We define opt(G) = min∀φcost(G, φ). In fact we model the
topology awareness of an overlay network with representative graph G, by cost(G, φ)
where the function φ shows positions of nodes in the overlay.

When opt(G) = cost(G, φ(v)), it is expected that messages deliver over paths in
optimal way in terms of latency. It is clear that in the case of opt(G) = cost(G, φ(v)),
according to definition of opt(G), messages are transferred over edges optimally in
average. It means that if we send a message over all edges of the graph, then the sum of
costs (latencies) is minimized.

On the other side, if we consider all paths with n > 2 nodes (probably with common
edges) and send a message over each of them, then the total cost is

∑
uv∈E(G) αiL(u, v).

In the optimum case, we have
∑

uv∈E(G) αiL(u, v) = αopt(G)+
∑

uv∈E(G) βiL(u, v)
where βi = αi−α and βi ≥ 0. For graphs that all edges participate equally in paths with
a given size 2,

∑
uv∈E(G) βiL(u, v) becomes zero. Therefore the sum of transfer costs

over paths with n > 2 nodes is minimized. For graphs that all edges don’t participate
equally in paths with a given size, the value of

∑
uv∈E(G) βiL(u, v) is not zero. There-

fore for these kinds of graphs we will not reach the exact minimum values for some
paths with a given size, but yet we have a reasonably accurate model for these special
paths. Because the cost of each edge of the graph is optimal in average, according to
definition of opt(G).

Hereafter we call the problem of finding opt(G), IP labelling. If we define the dis-
tance of u and v as L(φ(u), φ(v)) = |φ(u) − φ(v)|, it can be seen that IP labelling is a
generalization of the Minimum Linear Arrangement problem [23]. The Minimum Lin-
ear Arrangement (MINLA) problem was stated in 1964 by Harper [23]. Harper’s aim
was to design error-correcting codes with minimal average absolute errors on certain
classes of graphs.

To provide a metric for topology awareness of overlay networks we define α(G, φ),
which shows topology awareness of an overlay with representative graph G and lay-
out φ.

Definition 3. Topology awareness of overlay G with layout φ is α(G, φ) where

α(G, φ) =

{
1, cost(G, φ) = 0

opt(G)
cost(G,φ) , otherwise

.

According to definition 3 and the definitions of cost(G, φ) and opt(G), we can see
that α(G, φ) ∈ (0, 1] (greater values exhibit more topology awareness). Our metric has
at least three applications: comparison of different overlay networks in terms of match-
ing with their underlying physical network, evaluation of algorithms and techniques
that enhance matching between an overlay and its underlying physical network ( [14]
and [15] presented some algorithms and we also offer such an algorithm in section 7)
and using it as a guideline to construct topology aware overlay networks.

2 Many overlays have this property.
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4 Computational Complexity of the Problem

In respect to the point that MINLA optimization is a NP hard problem, it is natural that
IP labelling is NP hard also. The following theorem shows this fact.

Theorem 1. IP labelling optimization problem is NP hard.

Proof. We give a reduction from MINLA to IP labelling. In graph G = (V, E), if p ∈
MINLA we define p

′ ∈ IP labelling such that φ : V → {IP1, . . . , IP|V |}, IPi = i
and L(φ(u), φ(v)) = |φ(u) − φ(v)|. By this statement the reduction is complete and
we have the proof.

We showed that IP labelling is a NP hard problem so in general cases we should not
expect to have an efficient algorithm to solve the problem. Therefore we should seek
approximation or heuristic algorithms or solve the problem for particular cases.

5 Preliminary Definitions and Results

In this section we present a lower bound and an upper bound for cost(G, φ). Before
presenting these bounds, we define some concepts formally.

Definition 4. Given a graph G = (V, E) and u ∈ V and φ : V → {IP1, . . . , IP|V |},
IPi ≥ 0, if i �= j → IPi �= IPj , then cost(u, φ) =

∑
uv∈E L(φ(u), φ(v)).

It is clear that cost(G, φ) = 1
2

∑
u∈V cost(u, φ).

Definition 5. Given a graph G = (V, E) and φ : V → {IP1, . . . , IP|V |}, IPi ≥
0, if i �= j → IPi �= IPj , then Lmin = minu,v∈V L(φ(u), φ(v)) and Lmax =
maxu,v∈V L(φ(u), φ(v)).

Proposition 1. If G = (V, E) is a graph then |E|Lmin ≤ cost(G, φ) ≤ |E|Lmax.

Proof. The graph has |E| edges, the weight of each edge is at least Lmin and at most
Lmax, so the cost of G is at least |E|Lmin and at most |E|Lmax.

Proposition 1 shows that the lower bound of cost(G, φ) is proportional to the num-
ber of the graph edges and the communication latency between nearest nodes. Also
the upper bound denotes that if the nodes of the overlay are near in terms of latency,
the communication becomes faster even for badly formed overlays. This conclusion is
natural and makes sense.

6 Topology Awareness Model Based on GNP Distance Mechanism

Global network positioning (GNP) is based on absolute coordinates from modelling
the Internet as a d-dimensional geometric space [21]. It is an architecture for network
distance prediction that is based on peer-to-peer computing. In this mechanism, each
node is assigned an absolute d-dimensional coordinate and each node maintains its own
coordinates. Since nodes maintain their own coordinates, these approaches allow nodes
to compute their distance from other nodes as soon as they discover each other [21].

In this section, we study the computation of opt(G) if we compute L(.) according to
the d-dimensional GNP geometric space. We study the problem for d = 1 in subsection
6.1 and then in subsection 6.2 we discuss the problem for arbitrary d.
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6.1 IP Labelling Based on One Dimensional GNP

In the case of a one dimensional geometric space, computing opt(G) (IP Labelling), be-
comes a version of MINLA [23] which instead of assigning numbers 1 . . . n to vertices,
we assign n positive integers to the vertices. Therefore

opt(G) = min∀φ

∑
uv∈E(G) |c(φ(u)) − c(φ(v))| where

φ : V (G) → {IP1, . . . , IPn}, IPi ≥ 0, if i �= j → IPi �= IPj ,
c : {IP1, . . . , IPn} → {k1, . . . , kn}, ki ≥ 0 and L(u, v) = |c(φ(u)) − c(φ(v))|.

In the rest of this subsection we show that how we can compute the exact value of
opt(G), when G is a hypercube based overlay network.

Harper has considered the problem of assigning the integers 1, . . . , 2n to the ver-
tices of an n-cube so as to minimize

∑
∆ij , where the sum runs over all neighboring

pairs of vertices and ∆ij is the absolute value of difference of the numbers assigned
to the vertices. He showed that the following polynomial time algorithm produces all
such assignments: having assigned 1, . . . , l, assign l + 1 to an unnumbered vertex (not
necessarily unique) which has the most numbered nearest neighbors [23].

Steiglitz and Bernstein proved that Harper’s algorithm is correct even when we use
2n positive integers (k1 ≤ . . . ≤ k2n ) instead of {1, . . . , 2n} [24]. They also showed
that the minimum value is

∑
∆ij = (2r1 − n)(k1 − k2n) +

2n−1
∑

i=2

(2ri − n)(ki − k2n−i+1) (1)

where ri is the number of ones in the binary expansion of i − 1.
It is clear that the problem that was solved by Steiglitz and Bernstein is IP Labelling

problem based on one dimensional GNP. So we can compute the exact value of opt(G)
based on one dimensional GNP for overlay networks like HyperCup [1] which use
hypercube as their overlay topology.

Corollary 1. If G is a n-dimensional hypercube based overlay and we compute L(.)
according to one dimensional GNP mechanism so that k1 ≤ . . . ≤ k2n are coordinates

of nodes then we have opt(G) = (2r1−n)(k1 −k2n)+
∑2n−1

i=2 (2ri−n)(ki −k2n−i+1).

Therefore to compute α(G, φ) for a hypercube based overlay G, we only need to
compute cost(G, φ) in steady state, which can be done using simulation techniques.

6.2 IP Labelling Based on d-Dimensional GNP

In the case of d-dimensional geometric space, computing opt(G) (IP Labelling), be-
comes a version of MINLA [23] which instead of assigning numbers 1 . . . n to vertices,
we assign n d-tuples of positive integers (d-dimensional vectors) to vertices. Therefore

opt(G) = min∀φ

∑
uv∈E(G) |−→c (φ(u)) − −→c (φ(v))| where φ : V → {IP1, . . . , IPn},

IPi ≥ 0, if i �= j → IPi �= IPj , c : {IP1, . . . , IPn} → {−→
k1, . . . ,

−→
kn},

−→
ki ∈ Z

+d and
L(u, v) = |−→c (φ(u)) − −→c (φ(v))|.



A Mathematical Foundation for Topology Awareness of P2P Overlay Networks 913

In the following we present a lower bound for opt(G), so we can have a lower bound
for α(G, φ).

Lemma 1. If P = v1v2 . . . vn is a path, φ : V (P ) → {IP1, . . . , IPn} and c :
{IP1, . . . , IPn} → {−→

k1, . . . ,
−→
kn} and opt(G) = cost(G, φ)then opt(P ) ≥ |−→c

(φ(vn)) − −→c (φ(v1))|.

Proof. opt(P ) = cost(P, φ) =
∑n−1

i=1 |−→c (φ(vi)) − −→c (φ(vi+1))| ≥ |
∑n−1

i=1
−→c

(φ(vi)) − −→c (φ(vi+1))| = |−→c φ((vn)) − −→c (φ(v1))|.

Theorem 2. If G = (V, E) is a k-connected graph, φ : V → {IP1, . . . , IP|V |} and

c : {IP1, . . . , IP|V |} → {−→
k1, . . . ,

−−→
k|V |} and

−→
k1 ≤ . . . ≤ −−→

k|V | then

opt(G) ≥ k × |−−→k|V | − −→
k1|.

Proof. In a k-connected graph, there are k disjoint paths between each two nodes [25].
Now consider two nodes u and v such that −→c (φ(u)) = −→

k1 and −→c (φ(v)) = −−→
k|V | (φ is

a layout that opt(G) = cost(G, φ)). Therefore there are k disjoint paths between u and
v. According to lemma 1, weight of each path is greater than |−−→k|V | − −→

k1| so the weight

of the k paths is at least k × |−−→k|V | − −→
k1|.

Corollary 2. If G is a hypercube based overlay network (n-dimensional) then because
a n-dimensional hypercube is n-connected, based on GNP mechanism we have:

opt(G) ≥ n × |−→k2n − −→
k1|, where |−→k1| ≤ . . . ≤ |−→k2n |.

7 Optimization Algorithm

In this section we present a heuristic optimization algorithm to increase α(G, φ) by
reducing cost(G, φ) in graph G. Given that the function cost is a model for latency
of message delivery, the algorithm reduces message delivery latency in an overlay net-
work. Also according to definition 3, our algorithm increases topology awareness of
overlay networks. The following algorithm uses a local optimization to reduce the total
cost of its input graph. According to the algorithm, each node tries to stand in a position
in such a way that the communication cost of the overlay becomes minimum. Therefore
each node checks whether swapping its node with a neighbor reduces the cost function.
Also according to the algorithm, the overlay topology remains fix and only nodes swap
their positions.

Algorithm 1 is highly scalable because each node only needs to know about its
neighbors and IP of neighbors of neighbors, which receives from its neighbors.

Algorithm 1. Input. G=(V,E).
repeat
cond = false
for all edges uv of G do
if (cost(u,phi) + cost(v,phi) >

cost(u,phi’) + cost(v,phi’)) then
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swap positions of u and v
cond = true

while(cond = true)

In algorithm 1, alpha’ and phi’ stand for α and φ functions if we swap positions of
u and v. The following theorem reveals the correctness of the mentioned algorithm.

Theorem 3. In the algorithm 1, cost(G, φ) is reduced by each swap.

Proof. After swap of u and v we name the mapping function, φ
′

. So

cost(G, φ
′
) = cost(G, φ) −cost(u, φ) − cost(v, φ) + cost(u, φ

′
) + cost(v, φ

′
)

︸ ︷︷ ︸
<0

.

Therefore cost(G, φ
′
) < cost(G, φ) and the proof is complete.

Proposition 2. Algorithm 1 on graph G, terminates with at most |E|(Lmax − Lmin)
node swaps.

Proof. According to proposition 1, the difference between the worst case and the best
case is |E|(Lmax − Lmin). If each swap reduces the cost only by one unit (L(.) and
cost(G, φ) are integers), then after at most |E|(Lmax −Lmin) swaps, we will reach the
minimum value and the algorithm terminates.

8 Experimental Results

In this section we describe the methodology and results of running the algorithm 1 on
some different random graphs. In this simulation we use one dimensional GNP mech-
anism [21] to compute the distances of nodes. So we assign a random positive integer
to each node as its coordination in GNP space. And therefore L(φ(u), φ(v)) equals to
the absolute difference of the assigned numbers to the nodes. For example if 1000 is
assigned to u and 300 is assigned to v then L(φ(u), φ(v)) is 700. During the simulation
the graph is static. It means that there is no dynamic node arrival and departure during
the simulation. We aim to compute the percent of optimization in topology awareness
of the tested graphs by running the algorithm 1 on them. We use the following formula
to compute optimization rate:

optimization rate = 100 × α(G,φ
′
)−α(G,φ)

α(G,φ′)
= 100 × cost(G,φ)−cost(G,φ

′
)

cost(G,φ) .

Where φ is the layout of nodes in graph G before running the algorithm and φ
′

is the
layout of nodes after running the algorithm.

We use the JUNG [26] library to write a java program for execution of alorithm 1.
We generate simple random3, Kleinberg small world with clustering exponent 2 [27],
Eppstin power law [28] and Watts beta small world with β = 0 4[29] graphs with 1000

3 Simple graphs where |V | vertices are generated and |E| random edges are chosen pairwise
uniformly.

4 β is the probability of an edge being rewired randomly.
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nodes and run the algorithm on them5. Then we run the algorithm on the same kinds
of graphs with 1500 nodes and then 2000 nodes and . . . 8000 nodes. In these graphs the
number of edges is 10 times the number of nodes ( |E|

|V | = 10). Then we generate the
same kinds of graphs with the same number of nodes but this time the number of edges
is 15 times the number of nodes. We Also repeat the process by graphs with |E|

|V | = 20.
Also we run the algorithm on Kleinberg graphs with parameter zero. Fig. 3 shows the
results of running the algorithm on mentioned graphs.
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Fig. 3. The results of running the algorithm on the graphs

As it can be seen, in the tested graphs, increasing the number of nodes will not
change the performance of the algorithm in terms of improvement of topology aware-
ness. So the algorithm is highly scalable. Also the optimization rate is different for the
different kinds of graphs. For example, the improvement of topology awareness in the
Watts small world graphs with β = 0 is about 48 percent while this improvement for
Eppstin power law graphs is about 22 percent. Therefore the optimization rate is de-
pendent to the structure of the input graphs. On the other side when we increase ratio
of edges to nodes, In the simple random graphs and the Eppstin power law graphs,
the performance of the algorithm decreases while this performance increases for Watts
beta small world graphs with β = 0. So the performance of the algorithm to increase
topology awareness, in addition to the type of graphs, is dependent to density of graphs.

5 We generate each kind of graph with a fixed size 15 times and run the algorithm on them. Then
the average of the results was represented as the result of running the algorithm on that kind
with the given size.
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9 Implementation over P2P Networks

To support algorithm 1, each node, keeps a list of its neighbors’ IP as well as a boolean
flag against each neighbor. The flag indicates that whether the node should check the
swapping condition or the neighbor does it. It means that if u and v are neighboring
nodes in the overlay network then if u.flagv = false and v.f lagu = true, then
v should check the swapping condition (we say that v is an active node and u is a
passive node). It is important that the two sides of a connection should not have the
same flag, so we set that for a connection uv, the flag of the node with the greater IP
(each IP can be assumed as a 32 bit positive integer) will be true and the flag of other
node for the connection is false. Active nodes periodically (each t seconds) check the
swapping condition. An active node v which connect to node u, sends its neighbors’ IP
to u, and waits for the response of u. Node u sends back its neighbors’ IP as well as its
distance to its neighbors and the neighbors of v (Node u can compute its distance to the
neighbors of v using any of the mentioned methods in section 3, but the most straight
forward method is using round-trip time (RTT) by pinging target nodes). After that, v
has enough information to check the swap condition. If the swap condition is true then v
informs u to start the swapping process. The algorithm 1, may never converge in a real
P2P system because of the continuous joining and departure of nodes. But the algorithm
causes a continuous improvement in the P2P network in terms of matching with its
underlying physical network. And therefore we will have continuous improvement in
message delivering performance and reduction of underlying physical network traffic.

In the swapping process between two neighboring nodes u and v, u connects to all
neighbors of v (except itself) and v connects to the neighbors of u. Then they put their
old connections (except uv connection) into a to-cut list (see Fig. 4). After this process,
a peer will not send or forward messages to connections in its to-cut list, but these
connections are kept alive because these links are needed when receiving previous query
responses that have to be forwarded according to their inverse search path. A connection
in a to-cut list will be cut after a certain time period. We can find the optimal value of
the period using simulation techniques.

In some peer-to-peer networks, when two nodes swap, they should update some
information and tables. We update by building temporary tables and information as we
do for connections. In addition to the mentioned guidelines for peer swapping that we
pointed out in this section, we should note that swapping process is a network dependent
operation and should be designed independently for each overlay network.

u v

x1

xn

y1

ym

v u

x1

xn

y1

ym

(a) (b) 

Fig. 4. Swapping process. In (b), the dashed lines show to-cut connections.



A Mathematical Foundation for Topology Awareness of P2P Overlay Networks 917

Node v before checking the swap condition with node u, should compute its dis-
tance with its neighbors and neighbors of u. Also u should know its distance with its
neighbors and the neighbors of v. We assume that L(.) is dynamic. So node x have to
communicate with node y to find its distance to it.

If we assume that in average, each node has σ neighbors then in the worst case,
O(σ) messages are needed to check the swapping condition and doing the swapping
process. If the frequency of checking the swapping condition by nodes is f , then the
extra messages that are caused by the algorithm is O(nσf), where n is the number of
nodes in the network. Because f is a constant, the order of extra messages created by
the algorithm in one minute (unit of time) is O(nσ). As observed in [30], each peer
issues 0.3 queries per minute in average. Thus, the traffic incurred by an unstructured
P2P network with n peers which uses broadcast to search objects is O(n2) and the
traffic caused by a structured P2P network which causes log(n) message per search is
O(nlog(n)). Studies in [10] show that σ is very smaller than the number of nodes in
the network (in some structured overlays like HyperCup [1] and Chord [2], σ is equal
to log(n)). Therefore in both cases, the algorithm will not increase the order of traffic
of the network. As we saw before, the algorithm will decrease traffic by increasing
topology awareness.

10 Conclusion

We introduced a mathematical metric for the degree of topology matching between an
overlay network and its underlying physical network. We constructed the model based
on an optimization problem that we called it IP labelling. Also we have shown that
IP labelling optimization is a NP hard problem. Then we showed that this NP hard
problem is solvable in polynomial time for some particular inputs. Also we proposed
an optimization heuristic algorithm to solve the problem for general cases. Then we ran
the algorithm on different kinds of random graphs and we presented the results. We also
noted how the algorithm can be implemented on P2P networks.
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