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Abstract—Second Life (SL) is currently the most popular These P2P architectures mainly address the problem of a
social virtual world, i.e._, a digitalization of th_e real world where distributed avatar management, i.e., neighbor avatace\sy
avatars can meet, socialize and trade. SL is managed through 5 gyatar state updates dissemination. For the object man-

a Client/Server (C/S) architecture with a very high cost and t th luti imol that the virtudt
limited scalability. A scalable and cheap alternative to C& is agement, these solutions simply assume that the virtuatiwor

to use a Peer-to-Peer (P2P) approach, where SL users rely gnl Object composition is mostly stored at the clients.
on their own resources (storage, CPU and bandwidth) to run te In this work, we design and evaluatedistributed avatar
virtual world. We develop a SL client that allows its users totake managemenfor Second Life. Object management is out of
advantage of a P2P network structured as aDelaunay oyerlay. the scope of this work Specifically, we develop a P2P-SL
We compare the performance of a P2P and C/S architecture lient that includes th t C/S t t and
for Second Life, executing several instances of our clientver ¢ Ien - al incluaes the curren avatar ma”ageme” an
Planetlab and populating a SL region with our controlled avaars. @ distributed one. To do so, we add to the SL client a P2P
Avatar mobility traces collected in SL are used to drive avaair ~module that leverages th2elaunay NetworK6][14] in order
bE‘haViOfSo- The results show that P2P improves user experie by to disseminate and receive avatar state updates. We choose
about 20% compared to C/S (measured in term of consistency). he pelaunay Network as it is a well-known P2P strategy for
Avatar interactivity is also 5 times faster in P2P than in C/S . . .
avatar management and it holds desirable properties for SL-
. INTRODUCTION like environments [18].

Social virtual worlds are interactive environments acitdss V& compare P2P versus C/S Second Life by focusing on

from the Internet. Multiple participants interact in sdeimtual the Quality of Experience (QOE) perceived by multiple SL

worlds through aravatar, i.e., the digital representation of auSers- To do so, we ;oxecute several instances of the P2P-

user. The virtual world consists of several lands catlgions SL client over Planetlaband we populate a SL region with

where avatars can creatbjectssuch as a car, a tree or 20U controlled avatars. Avatar mobility traces extractemirf

building. Second Life (SL), launched in 2003 by Linden Labo- [20] are used to reproduce real avatar behaviors,

is the most famous social virtual world counting more than 16 e show that a distributed avatar management for SL

Millions registered users in September 2309. always outperforms the current C/S design. P2P Second Life
SL leverages a Client/Server (C/S) architecture where edtpduces a gain of correctness in the user experience of

of the 18,000 region is managed by a dedicated server [195)_out 20% compared to C/S. Nevertheless, 90% of the times

Users run “thin” clients that simply perform the threelnconsistency in P2P is solved in less than one secondbi.e.,

dimensional rendering of the virtual world and cache the viiMmes faster than in C/S. This result is very promising siace
tual objects located in recently visited regions. The maiks CePtable values of interactivity in on-line games vary ketw
of SL servers areavatar managemerindobject management 300 ms and 1 sec [5]. However, as already observed in [1][18],

The avatar management consists in updating each avatar aljét confirm experimentally that the Delaunay Network suffers

the status of its neighbor avatars in real time. The objelP™M avatar groups, fast movements and churn.

management consists in maintaining the user-created tsbjec Il. RELATED WORK

over time, and informing each avatar about the objects iim the The success of Second Life (SL) has recently attracted the

V|s||?b|I|ty arﬁa. h tv sh that SL suffers f attention of the research community. Fernandes et al. [17]
esearchers have recently shown tha sufiers from s opose the first study related to SL. They collect the traffic

ability problems. Servers get easily overloaded with atelit xchanged in a C/S session, measuring bandwidth consump-

as 20 concurrent avatars [20], and are forced to signifiy:anﬁon’ packet size and packet inter-arrival times. They stiaw

slow down their region’s virtual time to artificially reduceSL makes an intensive use of network resources. much more
s}lit:tr i?ﬂvr';yéo’\'fggg?le;?;s]’ SL makes also an intensbes Yhan other existing applications for virtual worlds suchoas
W u ' line games. Moreover, they show that the down-link traffic

A scalable and cheap alternative .to ClSis to.use a F)eer'itso'strongly impacted by avatar actions: an avatar that stand
Peer (P2P) approach, where the virtual world is managed, SL consumes about 20 Kbps in the down-link, whereas as
a distributed way leveraging end-user resources. Severl I$ '

architectures for virtual worlds have been proposed [@]3]  2The reader can found an experimental evaluation of a digéib object
management for SL in [19].
http://iwww.secondlife.com/ Shttps://www.planet-lab.org/
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soon as the avatar moves the down-link traffic grows up to
110 Kbps.

Kumar et al. [10] analyze the CPU performance of a high-
end desktop machine running the SL client. They find that
sorting translucent objects and decompressing textuoesdst
as JPEG are the most CPU expensive operations. Similarly
to [17] they also analyze the network traffic exchanged be-
tween client and server. Their results confirm the high band-
width cost of SL, and also underline the benefits of objects
caching to reduce network traffic. Finally, they analyzeseer
performance: they show that the management of a region with
only 5,000 rigid-body objects requires about 72% of the serv
computational power. As SL-like virtual worlds are expelcte
to become more complex and realistic several CPU cores will
be required.

Varvello et al. [20] perform a large scale data collection
in SL. They design and deploy erawler application that Fig. 1. Distributed avatar management leveraging the DefaiNetwork.
collects traces of avatar behaviors, object charactesistnd
server performances in the public SL regions. The analysis
of their traces show that about 30% of the regions do ntitermore, we develop a concrete enhancement to the current
attract any visitor, and that in the few popular regions sesv SL architecture.
are overloaded most of the time. Interestingly, they shaoat th
avatars behave similarly to humans, visiting a few popular
places where they meet friends.

Liang et al. [11] use a similar approach to [20] and collec
mobility traces of 84,208 avatars spanning 22 SL regions ovi

two months. Based on their analysis of avatar mobility, the The virtual world of SL is divided into lands called regions

authors suggest an hybrid avatar mobility model that ineorpthat have a fixed size of 256x256 meters. Each region can
rates both random way-point mobility model (for regions pogyave up to four neighbor regions that are independents among
of objects) and pathway mobility model (for regions rich ofnem. The region appearance is defined by the land features

objects). . and the user-generated objects.
Our work is different from the previous work conducted on | jgarg join the SL community by registering an avatar

SL as we propose an enhancement to its architecture, ratiefne S website This registration requires filling out an
than study its characteristics. Specifically, we use th@@®y . _jine form with private information and a valid e-mail

Network to build a distributed avatar management for SL. 4yqress. Afterwards, a user explores SL by controlling its

similar solution was originally introduced by Hu et al. [6] i gyatar movements e.g., it camalk run, fly and teleport®
VON. VON is a P2P architecture for virtual worlds based on g 4iars have a limited visibility area called Area of Intgfre

Voronoi diagram, i.e., the dual of the Delaunay triangelali (aqj) The Aol consists of a sphere centered on the avatar
In VON, each user locally contributes to the constructiomof -, qinates with 35 meters radius.

Voronoi graph based on a spatial metric in the virtual world.
The authors show by simulation that VON is a scalable desi%

for virtual worlds. . . . . . .
. ) simulation. Since we perform experiments directly oegion
Backus and Krause [1] discuss benefits and problems sqgverwe now shortly describe it. A complete description of

using \_/oronoi diagrams |n P2P Vi”“"%' worlds. They IO.Ok &he SL Client/Server architecture can be found in [10][27].
bandwidth usage, scalability and consistency of Vororasieul A region server is responsible for a SL region. The main

virtual worlds. They show that while Voronoi-based virtual les of a region server are: (i) maintain the state of itsore
worlds perform quite good when avatars move according 8 gl Vel - intal IS0reg
e.g., user-created objects and land features) over tiife, (

ahZinS%Tp?§¥23;2;r2gfIcﬁggsljfg?\//a:tsarg;aetle):j reexdcueceed gnrform thevisibility computation[10], i.e., identify for each
ava?ar located in the region the information about objdats]

mean distance among avatars. .
g features and avatars that need to be transmitted, (iii) gana

Our work is complementary to [6] and [1] as we extend th at among avatars located within the region. A region serve

evaluation of the Delaunay Network through real experimerﬁ .
: andles a maximum of 100 concurrent avatars. However,flarge
performed in SL. We also analyze strengths and weaknesses

of the Delaunay Network when dealing with user QOE. FuP_opuIatlon are possible by mirroring the region server [10]

1. BACKGROUND

. Second Life

The C/S architecture of SL leverages a cluster of servers
Ach dedicated to a different task, e.g., login and region

4http:/licalwww.epfl.ch/RandomTrip 5The teleport operation allows avatars to rapidly coverdadistances.



P2P-SL client

B. Delaunay Network

The Delaunay Network{4] is an overlay network whose
topology is defined by a Delaunay triangulation. In the faHo
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ing, we give a formal definition of the Delaunay triangulatio 9 elaunay Networl
Lo ) i C/S-Aol table P2P-Aol table
Definition 1: The Delaunay triangulation of a set ¥ L‘ -
points in%? is a triangulation of pointsDT'(N) such that no e B o o e o
pointp lies inside the circumcircle of any triangle IRT'(N). vty = Disk ReadWite
operation

The coordinates of avatars in the virtual world are used to
generate the Delaunay triangulation, and consequentlgl bui
Delaunay Network among the respective end-users [14]6]. |

this way, the interactions among avatars on a proximity imetr _ _
basis are reflected into Internet connections among their effiformation towards the one-hop Delaunay neighbors of a pee

users. Figure 1 shows an example of a Delaunay triangulatidrfomMPlete description of HyperCast can be found in [12].
constructed among avatars in a virtual world. We build a distributed avatar management for SL on top of
An avatar that participates to the Delaunay Network coff)e Delaunay Network constructed among P2P-SL clients. To
tinually monitors the position of its one hop neighbors ifl0 SO, we intercept the avatar state updates generated by the
order to maintain the triangulation over time. As avatarseno client and transmitted to the SL server and we duplicate them

Delaunay links are added and removed to maintain a vailo the Delaunay Network. Note that the avatar state ugdate
and consistent triangulation. A more detailed descriptn Sent to the server are now redundant as each avatar already

the Delaunay Network can be found in [14]. manages its state updates via the Delaunay Network. However

Researchers have shown that the performance of the M experienced that suppressing or reducing this traffisesu
launay Network may deteriorate in presence of large avaf4f0 main problems: (i) the server continually queries th&2
groups, or when avatars move very fast [1][18]. Avatars mL client about its avatar state, (i) the server can label ou
SL are mostly static, and tend to organize in small groups 8yatars as “misbehaving” and temporarily exclude them from
2-10 avatars [20][11]. Thus, the Delaunay Network seemsitd region. Nevertheless, this strategy is extremely usiefu
promising approach for the distributed avatar managenmntﬂerform a fair comparison between P2P and C/S Second Life

Fig. 2. The P2P-SL client design.

SL and SL-like virtual worlds. (Section VI).
We use UDP as transport layer protocol for the dissemina-
IV. P2P-SL CLIENT tion of the avatar state updates over the Delaunay Network.

SL servers currently perform thavatar managemenby The official SL client also uses UDP communication to
constantly updating each avatar about its nearby avatasstatransport the avatar traffic. Similarly to the SL design cleoi
In this Section, we design a P2P-SL client that performsvee opted for UDP since the avatar state updates are trapgmitt
distributed avatar management. at a constant rate, and do not need delivery guarantees.
We now propose a detailed description of the P2P-SL client

A. Design (Figure 2). In the following, we calhodethe representation
We use the |ibseC0nd|i?e|ibraries to deploy a P2P-SL of an avatar in the De|aunay triangu|ation_

client. The P2P-SL client includes the fundamental featwfe . The C/S moduleis the core of the P2P-SL client. It

the official SL client, e.g., login/logout operations andtar . .
movements, while removing the CPU intensive operations, manages the commumcaﬂon b(_etween the PZP'SL client
and a SL server, i.e., avatar, object and land discovery. It

e.g., the three dimensional rendering of the virtual world. . . . :

. . receives as input the avatar mobility pattern that it uses

The P2P-SL client does not require to be human-controlled. . . .
to emulate a realistic avatar behavior on a SL region.

Avatar traces, e.g., movement and churn, can be used to . . : . )

. . . . Most importantly, it duplicates the traffic dedicated to the
automate the client operations. The innovative featurehef t avatar state management and forward it to the Delauna
P2P-SL client is the possibility to directly communicatetwi Network module 9 y

other P2P-SL clients without the need of a server. . .
In order to permit direct communications among SL users, ® TheC/S-Aol tabléas the data structure that contains up-to-
'+ date avatar state information for the avatars located withi

the P2P-SL client implements the Delaunay Network protocol . :
using HyperCast. HyperCast is a set of Java libraries that an avatar Aol. This d_ata strL_Jcture is constantly updated
using the avatar traffic received from the SL server. A

allows to build several overlays such as the Delaunay Net- snapshot of the C/S-Aol table is copied to the disk every
work [4] and Pastry [16]. HyperCast provides to the P2P- e :
200 ms or when a modification of its content occurs.

SL client a Neighborhood tablethat contains the routing « The Neighborhood tablés the data structure maintained

Bhttp://www.libsecondlife.org by the HyperCast libraries. It contains routing informa-
http://www.hypercast.org. tion towards the Delaunay one-hop neighbors of a peer.



A snapshot of the Neighborhood table is copied to the
disk every 200 ms or when a modification of its content
occurs.

o The Delaunay Network modulenanages the Delaunay
Network, and the transmission/reception of avatar state
updates. It receives as input the avatar mobility pattern
that it uses to update the coordinates of the respective
node in the Delaunay triangulation. This information is
propagated to the nodes contained in the node’s Neigh-
borhood table via heartbeat messages at a fast or slow
rate. The fast rate (1 message every 200 ms) is used
during the join of a new node and in case of unstable
neighborhood, e.g., when a node changes position oFig. 3. Evolution over time of the no. of connected avatarsinguthe
newcomer joins the network. The slow rate (1 messa§&erment
every sec) is used when the neighborhood is stable.
Rate values are chosen according to [12]. The Delaunay
Network module receives as input the traffic generated
by the C/S module for the avatar state updates. This
traffic is flooded into the Delaunay Network withol
filtering, i.e., packets are not forwarded farther than an
avatar Aol (35 meters as default in SL). Local forwarding
decisions at nodes are made ustonpass routinge.g.,
among three nodesl, B and C that are all one-hop
Delaunay neighbors of a node, the node that forwards
the avatar state update received by a n&dis the node
that minimizes the angle it forms witR and D [9].

o The P2P-Aol tableis the data structure that contains up-
to-date avatar states information for the avatars located
within an avatar Aol. This data structure is constantly
updated using the avatar traffic received from the Delau-
nay Network module. A snapshot of the P2P-Aol table is
copied to the disk every 200 ms or when a modificatio
of its content occurs.
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contained within an avatar Aol, i.e., additional/missing
avatars and avatar located at wrong coordinates. The
inconsistency takes values between 0 and 1, where 0
means that all the information contained in an avatar Aol
is correct, and 1 means that all the information contained
in an avatar Aol is wrong.

o Inconsistency Duration- User experience in virtual
worlds is positive when avatars perceive quickly enough
changes in the nearby avatar states [5]. This guarantees
interactivity among avatars. The inconsistency duration
is the time an avatar needs to achieve a consistent view
of the avatars in its Aol. We compute the inconsistency
duration by starting a timer whenever an inconsistency is
detected in an avatar Aol and stopping it as soon as the
avatar’'s Aol becomes consistent again.

B. Experimental Settings

We use the P2P-SL player in order to automate the behavior
V. EXPERIMENTAL METHODOLOGY of an avatar within a SL region while collecting information
We compare a P2P versus a C/S architecture for SecaHiput avatars intersecting its Aol as indicated from the SL
Life by focusing on the user Quality of Experience (QoEgerver and the P2P network. We launch the player from
Measuring user QOE in a virtual world is a challenging taskiultiple points on the Internet and we teleport our coneall
Currently, game providers characterize user QoE by lookifyatars into a target SL region. In this way, we have direct
at the cancellation rate i.e., the number of user accountficcess to the local view of each avatar through the traces
canceled during a given period of time, and/or Mean Opinidipllected by each player. Moreover, we can easily build the
Scoré that is based on user feedback. Given that we canngfound truth” of avatar locations at any point in time since
rely on these two techniques, we choose to study the u¥é control all avatars that interact in the region. Note that
QOE as perceived by multiple SL users. More precisely, wWeée require that no external users, i.e., real SL users,ferer
compute two metrics that we define next: timeonsistency during our experiments in order to correctly evaluate uset Q

and theinconsistency duratian We execute the P2P-SL player on several Plangttab-
chines located worldwide in order to emulate realistic roekw
A. Metric Definition conditions. We select stable Planetlab machines in terms of

« Inconsistency In order to have meaningful interactionsCPU load, free memory and network activity. _ .
among avatars, each avatar needs to have correct inOur automated avatars reproduce real avatar behaviorg usin
formation about the avatars contained in its Aol. Ten Mobility trace i.e., a trace that contains avatar coordinates
porarily missing information as well as incorrect inforat any given time as well as the avatar session durations. We
mation make an avatar Aol inconsistent. Inconsisten§xtract the mobility traces from the avatar traces colkedtg
is measured as the fraction of wrong avatar informatioyrvello et al. [20] in the Japan Resort region, i.e., onehef t

most popular SL region. We take from the avatar traces the
8http://en.wikipedia.org/wiki/Meanopinion_score one hour period where we observe the maximum number of
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avatars, i.e., 84 concurrent avatars for a total of 207 wdiffe indicating that P2P produces a gain of correctness in the use
avatars during one hour, and for each avatar we generateeitperience of about 20%. For inconsistency values largar th
mobility trace. Figure 3 shows the evolution over time of th8.3-0.4 the two curves nearly overlap. These high inconsis-
avatar population extracted from the Japan Resort regidn aency values happen in presence of churn (i.e., login/logou
that we reproduce in SL. Due to a crawling frequency afperations) and fast avatar movements (e.g., teleportjleWh
about 30 seconds [20], we only have few samples of avathe SL server suffers these events due to an increase on its
movements. In order to reproduce fluid avatar movementslaad [20], the P2P overlay suffers due to the difficulty in
the region, whenever an avatar changes coordinates betwemintaining a consistent Delaunay triangulation [1][1Bhis
two successive crawling snapshots we compute the avatesult indicates still an open issue with the Delaunay Netwo
speed and we interpolate its trajectory. We now want to understand how frequently inconsistency
We run our experiments in a region that contains only skvents affect an avatar during its SL journey. Figure 4(b)spl
small objects in order not to interfere with the avatar mobithe CDF of the ratio between the sum of the durations of an
ity patterns, e.g., avatars could be blocked behind a Virtusvatar inconsistency periods and the total time the avédgis s
building. In the rare cases where an avatar meets an objica region. We observe again that C/S suffers more from avata
on its path, the avatar simply deviates its mobility pattefinconsistency than P2P. In C/S, about 35% of the avatars do
and gets around the object. Finally, the region we chooset see any inconsistency event, whereas this number nearly
for the experiments is an un-popular SL region generalfjoubles in P2P. Interestingly, inconsistency in P2P neass|
empty of avatars. In this way, we reduce the chance thabre than 60% of the time an avatar spends in a region,
external users interfere. Nevertheless, during the exymis whereas in C/S 10% of the avatars have an inconsistent view
we continuously verify that no real SL user connects to thaf their neighbor avatars during about 80-90% of their SL
region we use as a test-bed. journeys. The reason behind this phenomenon is that the SL
VI. EVALUATION: P2P VS C/S server spends a Ic_)t of f[ime t_o corrgctly accomplish avatar
login/logout as we investigate in Section VI-B. Subseqglyent
A. Correctness avatars with very short session times have an inconsistent A
We start by looking at the probability to have inconsistesci most of the time.
in the avatar Aols. We evaluate the inconsistency for each o
avatar Aol every200 ms or anytime a modification of the B: Interactivity
Aol occurs. Figure 4(a) shows the Cumulative Distribution We now analyze the inconsistency duration in P2P and C/S
Function (CDF) of the inconsistency values computed on baith order to understand which architecture faster solvetaava
C/S and P2P Second Life. Since we plot the inconsisteniiconsistencies (Figure 4(c)). As for the inconsistensulits,
values in logarithmic scale (x-axis in Figure 4(a)), the tw&2P clearly outperforms the current C/S design. About 90%
curves are truncated respectively for inconsistency waluef the time, inconsistency in P2P lasts less than 1 second,
equal to 0.02 for P2P and 0.05 for C/S, i.e., the smallest ndre., P2P is about 5 times faster than C/S. This result is very
zero values measured during the experiments. promising if we consider that acceptable values of interac-
Figure 4(a) shows that P2P achieves higher consisterisgty in on-line games vary between 300 ms and 1 sec [5].
than C/S. Avatars have a perfect view of their Aols, i.eConversely, Figure 4(c) unveils unacceptable inconsisten
inconsistency equals 0, in about 55% of the cases compareditoation values under the current C/S architecture, eG4 4
40% of the cases in C/S. The distance between the two cureéshe inconsistencies last for more than 2 seconds.
is roughly constant for inconsistency values smaller th&) 0 Figure 4(c) shows another interesting result. SL avatans ca
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