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ABSTRACT

Classical client/server approaches for Networked Virtual En-
vironments (NVEs) require considerable server resources to
support a large number of players. On the opposite peer-to-
peer (p2p) architectures achieve the required scalability at
much lower cost. The feasibility of a p2p approach to NVEs
depends heavily on the fact that a given user is interested
only in a small part of the virtual world. For this reason, the
Delaunay network is an appealing solution, which organizes
peers according to their position within the NVE. However,
in a NVE players typically tend to aggregate around some
attractive points. As the cost of maintenance of the De-
launay network increases with player density and velocity,
some peers may see a considerable volume of maintenance
traffic. To address this issue, we propose a dynamic cluster-
ing algorithm: each peer in the network monitors his cost of
maintenance and triggers the creation of a cluster as soon
as the volume of traffic generated exceeds a given thresh-
old. Members of a cluster then expand their coordinates
to increase their reciprocal distances. In this way, decreas-
ing the concentration of players we achieve a diminution of
the maintenance cost. To evaluate our clustering scheme we
simulate a simple NVE and run an experiment in Second
Life. The results we obtained show that our solution is ef-
fective in keeping the amount of maintenance traffic below
a chosen threshold.
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INTRODUCTION

A Networked Virtual Environment (NVE) is a synthetic
world where multiple participants interact via a virtual char-
acter called avatar [12]. NVEs were introduced in the 80s
for military simulators, afterwards they were rapidly applied
to games. A recent example is World of Warcraft (WoW), a
NVE-based role playing game where hundreds of thousands
of players interact simultaneously [15].

Between late 2006 and early 2007, Second Life (SL) be-
came the most popular NVE. SL is a complex on-line society
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and economy within a 3D virtual world. Its users can ex-
plore, socialize, create and trade items and services [11].

Currently, WoW counts more than 8 Million subscribers
and SL more than 7 Million users. These numbers are ex-
pected to grow in the next years and this makes scalability
a critical issue in the deployment of future NVEs.

1.1 P2P Networked Virtual Environments

NVEs are designed on a client-server architecture. To
sustain a continuously growing demand, multiple servers are
used. For instance SL currently runs on 2579 servers and
each server is responsible for an individual sim or 16 acres
of virtual land [11]. The deployment and maintenance of
such an infrastructure is complex and expensive.

Recently, p2p architectures have been proposed to solve
the scalability issue of NVEs [5, 6, 2, 7]. Ideally, a p2p
NVE can achieve self-scalability, i.e. exploiting end-users re-
sources it can sustain a theoretically unbounded growth with
a sub-linear impact on the performance.

An overlay network is an application-layer network topol-
ogy built by p2p hosts. A naive approach for p2p NVEs
consists in relying on a full mesh overlay where each peer
periodically sends state updates to all the participants in the
NVE [4]. This approach works at small scale over dedicated
networks. For large NVEs, a smarter data dissemination
strategy needs to be adopted.

A given user within an NVE is only interested in a small
part of the virtual world. This awareness area is called Area-
Of-Interest (AOI) and represents an important feature for
the overlay construction. Ideally, state updates are shared
only by players with overlapping AOI, limiting parallel con-
nections and bandwidth consumption. This locality of in-
terest is a key point for the feasibility of p2p NVEs.

1.2 Related Work

Colyseus [2, 1] is an interesting p2p approach to NVEs.
The system uses as a publish/subscribe mechanism and is
based on a range queries DHT [1]. Users publish objects in
the DHT and subscribe to zones of the NVE to discover ob-
jects in their surroundings. This approach suffers from the
indirection introduced by the DHT and from the overhead
for the maintenance of a DHT in a real environment.

A different approach is adopted by Solipsis [6]. Each peer
is aware of all entities lying in his AOI and collaborates
with his neighbors to detect when new entities entered his
own AOI. To ensure global connectivity, each node needs
to be inside the polygon formed by its neighbors. However,
neighbor discovery is occasionally incomplete, as incoming
nodes may be unknown to directly-connected neighbors.



S.-Y. Hu et al.[10] propose the usage of a Voronoi net-
work, i.e. the dual of the Delaunay network, to eliminate
the neighbor discovery problem of Solipsis. Each user main-
tains a Voronoi diagram of all AOI neighbors and directly
connects to them. Object updates are handled by object
owner, removing the indirection introduced by Colyseus.

Steiner and Biersack[13] propose an algorithm for the clus-
tering of peers in a 3D Delaunay network for NVE. The main
idea is to classify links between adjacent peers in the Delau-
nay network into short intra-cluster and long inter-cluster
links. The clustering is useful for faster navigation in the
Delaunay network and to reduce the number of messages a
node receives when he travels through the NVE. However
the proposed scheme suffers from the difficulty to define a
clustering threshold and does not take into account mobility.

1.3 The Delaunay Network

A Delaunay Network (DN) is an overlay network topology
based on the Delaunay Triangulation (DT). A DT for a set
of points S is constructed by all the possible triangles in S
whose circumcircles do not contain any point of S.

The coordinates of players in the NVE are used to gen-
erate the DT. In this way, a flexible overlay that maps the
concept of neighborhood in the NVE is built. Logical links
in the overlay reflect player connections in the NVE.

An inner node of a two dimensional (2D) DT with a suffi-
ciently large population, i.e. a node not on the convex hull
of the triangulation, has an average number of neighbors
limited to 6 [3]. This means, that each peer in the respec-
tive DN is currently connected to a finite number of virtual
neighbors independent from the population of the NVE.

Figure 1: Example of clustering in a DN

To maintain a valid triangulation, each node has to moni-
tor the position of its one hop neighbors [9]. In this way the
overlay built on top of the triangulation at each instant ¢ is
always reflecting effective positions of players in the NVE.

We define the maintenance cost of a DN as the number of
messages each peer exchanges in the network to maintain a
valid DT. As it can be expected, in a dynamic environment
this cost increases with player density and velocity.

Since in existing NVEs the popularity of different areas is
believed to follow a power-law distribution [2], players con-
centrated around some attractive points may see a consid-
erable volume of maintenance traffic. To address this issue,
we propose a dynamic clustering algorithm: each peer in
the network monitors his own maintenance cost and trig-
gers the creation of a cluster as soon as the volume of traffic
generated exceeds a given threshold.

Members of a cluster are organized via an erpanded DT,
i.e. inter-node links are stretched to reduce the effect of the

!The convex hull for a set of points X in a vector space
V € R* is the minimal convex set containing X.

106

density. The cluster is represented in the original DT as
a node with coordinates equal to the center of the cluster.
This node is monitored by a cluster-head to maintain a con-
nection between the cluster and the rest of the NVE. Figure
1 shows intuitively how a DN looks like after clustering.

The rest of the paper is organized as follows: Section 2
proposes a cost model to understand the impact of dynamic
nodes in a DN. In Section 3 we describe a dynamic clustering
for Delaunay-based p2p NVEs which we evaluate in Section
4. Finally, Section 5 concludes the paper.

2. PROBLEM FORMALIZATION

In this Section, we propose a metric describing the main-
tenance cost of a DN. In the following we call a peer the
end-user participating in the NVE. The virtual representa-
tion of a peer is called an avatar. Avatar coordinates are
used to define the position of a node for the DT. We assume
a finite population of N peers that never leave the network,
i.e. there is no churn. Table 1 summarizes the parameters
we use in the analysis along with a brief explanation.

DEFINITION 1. Circumcircle: a circle which passes through
all three vertices of a triangle.

DEFINITION 2. The Delaunay triangulation of a set of N
points in R is a triangulation of points DT(N) such that no
point p lies inside the circumcircle of any triangle in DT(N).

Table 1: Table of parameters

PARAMETER DEFINITION
Cijk circumcircle of triangle T;;
Tijn triangle defined by nodes i, j, and k
Tijk radius of circle Cjjx
Cm maintenance cost of a DN
dl average distance among 1-hop nodes
d2 average distance among 1,2-hop nodes

p local density in the NVE
N number of users
Np, number of 1-hop neighbors
Ry rate of keep-alive messages
Ry rate of flip operations
Vg constant speed of node X
Lmin minimum allowed path before flip
Lmaz maximum allowed path before flip
k number of packets per flip operation

The maintenance of a DN is performed by all peers par-
ticipating in the NVE. The maintenance cost consists of two
different parts. On one hand, each peer has to monitor via
keep-alive messages his one hop neighbors at a fixed rate Rp.
In this way, each node is always aware of the positions of its
neighbors. On the other hand, when avatars move and Def-
inition 2 is violated, peers have to communicate to set links
active ore inactive. We call this event a flip operation [3] and
it is necessary to maintain a valid triangulation. Equation
1 gives a formulation for the maintenance cost expressed as
rate of messages that need to be exchanged among peers.

Cm:Nn~Rb+k~Rf (1)

The first term, (N, - Rp), represents the rate of keep-alive
messages a peer exchanges with his one-hop neighbors. At
steady state, it has been shown that N, = 6 for a 2D-DT

(3]-
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