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matures, there is an absence of a common VE platform and

Abstradd The field of shared virtual environments, which also code |nter9perablllty bereen dlﬁ(_—:‘resyst_ems co_ntlnues to be .
encompasses online games and social 3D environments, has challenging research |ssu'e. AN |m.pOS|ng.barr|er to .surpass IS
system landscape consisting of multiple solutions that share great tN€ cOmplex problem domain associated with VES, with system
functional overlap. However, there is little system interoperability ~réquirements that in some cases have contradictory constraints
between the different solutions. A shared virtual environment has and very few practitioners have the integohperspective of
an associated problem domain that is highly complex raising the many facets of the problem domain.
difficult challenges to the development process, starting with the There have been attempts to establish a standard aimed at
architectural design of the underlying system. This paper has two VE system interoperability as in the case of High Level
main (_:ontributions._The firs; contribution_is a broad domain  architecture (HLA) [124. However, as pointed bylf], the
analysis of shared virtual environments, which enables developers steep learning curve cpled with overly complex architecture

to have a better understanding of the whole rather than the . . o o
part(s). The second contribution is a reference domain model for with performance constraints and semantic interoperability

discussng and describing solutions the Analysis Domain Model.  Problems, has limited the adoption of HLA to military
simulations. Tie web3d consortium took also tle jure

Index Term® Analysis Domain Model, Virtual Environments. ~ @Pprach to promote interoperabiliof 3D conteh by means of
eXtensible 3D (X3D) 29Q, but the gaming industry has lent
significant support t€€COLLADA[2] as an alternativeA new
initiative of web3d is talefine a standard foretworked virtual

I INTRODUCTION environments. Furthermore, a recent workshop Z71]
gpdemongates there continues to be a rich variety of different

The Second Life (SL) 71 henomena has placed : .
ffe (SL) 219 p P non-interoperable VE system solutions.

cyberspace back into the mainstream spotlightermeagsall .
dimensionsof society from political campaigns, musical gigs, Instead of talag the approach of proposing anotisgstem

art exhibitions, social parties and other venues where peo @mework or architecture, the main am of thls_paper_ IS to
come together to work, play and socialize. eturn to basics _anchr_ry outa br_oad c_tpaln_ analysis, Wh'Ch
The venture has triggered a renewed interest in building aﬂaco_“?"”g_ to§7] is defined asthe |dent|f|ce_1;|gn, af‘a'_VS'S' and_ .
deploying Virtual Environment (VE) syemsthat support a spec_lflcqtlon of common, reusable capabilities thhm a specific
wide range of different application domains and are largde application _domam, in terms of common objects, classes,
both in terms of content and theumber of simultaneous su_tl)_ﬁssemblll[esfa?;i frarrllevyorlks. Analvsis D in Model
participants. However, building VEs systems is a difficul e resutt o analysis 1S an Analysis bomain Mode

endeavour to undertake due to the high complexity .DM)’.Whigh will dprqviderfg re_ferelr_mce m?del for tr?e
asociated problem domainThe workshop report g iscussion ofystem design arfdnctionality, analogous to the

identifies interoperability, composability, evolution andrenowned OSI Jayered network model 260 used as

infrastructure architecture as key research issues to erence for dls_cussmns in the networking comityyn
addressed in the development of VE systems. Although tHiIMately promoting convergence amongst different VE
problems have been identified, thés little understanding as to systems.

why such desirable properties did not permeate the existingl Process Overview

solutions at the time of the workshop, and accordin@#d][
those properties continue to be absent and difficult research
challenges. In fact, an analysis of thistory of virtual reality, |

such as§2], [171] and [L1§ demonstrate that the technologies Fictional Literature ey
have made discernible advances over the years. However, as | Analysis P
reported in 81], an honest assessment reveals that VEs just

about work, and still experience many pehbk that need to be Virtual Environment

solved.Although the field of VEs progressively advances and

Fig. 1.Overview of the process to build the Analysis Domain Model
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process applied to derive the ADM. However, the large scope of the problem domain implies that
The diagam identifies four sources of domain knowledge: none of the individual topics are explored in depth, with
1 Vision. It is necessary to consider what the driving vision iexception of the network, where more emphasis is geavio
since it gives insight to what functionality to be supportedlarify the usual misconstrued understanding of what exists
by VE systems. One can trace the inception of the vision between different hosts communicating through the Berkeley
[240, but without dolbt, Jaron Lanier has been ansocket API [37].
important visionary to shape the underlying vision
associated with the creation of alternate realitl§]|
i Fictional Literature. This is an important source of . AVATAR
inspiration since it stretches the imagination and instigates
innovative approaches for the use of technq|sgyh as in Independently of the SOphiStication of the input/output deVices,
the case of well known hallmarks Neuromanceét$ and the users themselves cannot be physidatinsposed into the
Snow Crash437). alternate reality. A user must interact via the interface
q Technical Literature. The rich technical literature within Paradigms provided by the underlying system and they are
the VE community is without doubt the greatest source égPresented within the VE by an artificial constfuein avatar.
knowlecgeand the paper will focus on its analysis The avatar gstapllshes and defines the |d§nt|ty @fUEh;r,
{VE Systems The analysis of existing VE systems will Ultimately contributing to the overall sense of immersion in the

reveal different implementation strategies and framework¥E [243. The virtual representation has an important role in
the social interaction between usef?][ which has been

1.2 Overview of the Domain Analysis demonstrated to be the main activity within VEs as evidenced

in [249 and [L69. The former study relates the analysis of user
JABLE L OVERVIEW OF DOMAIN ANZLYSS behaviour within a LambdaMoo community where 59% of the
NO ‘ Title ‘ Description ‘ population clearly expressed social interactivity as their prime
An avatar is the graphical embodiment of a u activity; while in the latter study, one of the main lessons from

I Avatar within a VE. This section describes some of k the Habitat experiment was that multser is essential for the
issues to consider concerning avatars. success of a VE. In fact, it is possible to observe social
_ This section gives an overview of some devid conventions that are established to aid people to develop their
o Devices | for both input and output. cyber identity [148. However, the complete design

- — - incompatibility betweendifferent VE systems makes it
Resource | TS section identifies the main types necessary for a user to have a different avatar per system.
v resources within a VE system and how they ( .
Management | /" aged. The fact that geometry exchange has been facilitated by the

— . Virtual Reality Modelling Language (VRML)2R1]] standard
v cecur SECUVI'W is an 'mportalm f;’:‘cet_ of ?‘”V kS_YS“? does not imply that avatars may navigate frasdyween one
ecurity | hamely access control, cheating, hacking ¢ /g and another. In addition to geometry, it is necessary to

system security in general. . . .
define a standard for humanoid avatars that includes the
_ The alternate reality needs to be projected on structure and behaviour model so an avatar may behave in
Vi Rendering | output devices and this mess is designated 4 gjmj|ar fashion across different systems. This is the goal of the
rendering . . .
H-Anim 2.0 proposal]23 developed by the human animation

The essence of VEs ise multiuser experience working group of the X3D consortium, but the adoption seems
Vi Networking | [MF90]. This section provides aoverview of to be restricted to just the geometry and structure. This is also
relevantnetworkingisstes the case regarding the LivingSpa@&% system, which uses a

This section discusses different approacheg subset of théd-Anim geometry as part of their implementation
Vi Scale support scalability of the VE, from both a loc of the Living Worlds P97] proposal. The approach to adding
' (ie: visibility culling) and shared perspectivi  pehaviour was to add an animation mod8q for specific

(fe: area of interest management) pre-determined actions that the avatar may execute, which had

Another approach to scale is to vary the figel an impact on the overalledign of the system. In the case of
of the system supporting an alternate rea other systems, the avatar was the part of the core functional

IX Quality b ; ' C I )
:2';'(;‘%2;’ account the computationand netw  requirements, such as in the case of Virtual Life Network
urees. (VLNET) [53,54. In this particular system, the design aims to
This section describes some of the K produce avatars that are as realisig possible, providing
System . . .
X | |nfrastructure | Properties to be  supported by  syste dedicated architectural blocks to handle the body, face,
infrastructure o VE system. navigation and interaction of
. Analysis This section presents the Analysis Domain An interesting overview of existing research concerning avatars
Domain Model | Model (ADM) as a domain reference model. is presented ind]

. . . 2.1 Presenceand CaePresence
The domain analysis, as shown in Table 1, goes beyond just

the technical concerns, covering some human factors [226] eWwthen discussing avatars, it is not only important to consider the
perceptual issues when relevant, thusbseribing to the issues related to the creation and establishment of a cyber
argument [281] that a VE system is not just about technologgentity, but also to consider the measures of Presence and
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Co-Presencel53 235, 76]. The former relates to the degree toan effect on the sense of ®wesence, as illustrated by one of
whichthe wuser feel s 0 b23§, thgs leash dhe experiinants carvied ouwtb¥, which investigated the
likely to notice their surrounding physical environment, whilstmpact different avatar appearances had tbe sense of
the latter denotes the sense of sharing the VE with other peofi@-Presence. The results demonstrate that the human
However, there is a range of subtleties concerning what exaciijpearance is the strongest factor heméorcing CePresence,
good survey on the current research. being the least effective in affectmg Poesence.

As pointed out byZ44], a fundamental objective of any VE 1 "€ advent bVRML [291], and its successor X3[290,
system is to ensure the us ehaploweedfebarregior aperson tgFﬂaéLl%n ar&dsgre%{iqD t
provide the means of positive reinforcathe One way of content. Independently of the merits of V and/or 3D, the

. . : : .,_..format has become accepted as a standard de jure and de facto,
reinforcing Presence is by having the sensory data vahdangg most VE svstems supporhiort hani £ VRML
the useros roprioception e eng %po.pormeganls'mso of w
) P P b o fodels®I doMé crl\seé:q, it id rfbssﬁnl {® wé"u(I;dI)%J pQJtYSD
in place as a means of Iocomoum{g and the same technique components together with predefined behaviours without being
can be used to emulate ascending/descending sE% [ 5 mogeller, similar to the construction kit approach. However,
Another means pf reinforcing Presence, as hypothesized % fundamental goal of both VRML and X3D ioake the
[251] and 239, is by successfully promoting Eeresence |nternet 3D remains unfulfilled and the WWW remains vastly
between users. However, this result is contestedZlyWwhich  confined to the 2D interface of the document paradigm.
failed to verify the existence of positive correlation between The amount of det ai l in the
Presene and CePresence in a small group experiment in a VEgreatly. There is significant research at modelling all aspects of

The divergence in the results may be related to the followitgumanoidappearance such as the modelling of 1] and
facts: hair [9]. This area poses significant challenges since the goal of

1 The experiment design i3] focused on the impact of realism is difficult to achieve with redilme performance using

avatar appearance and behaviour alone, whils23g/the  current technology. As a result, these techniques have been
focus was more ogroup interaction, thus the nature of theconfined to ddicated modelling systems within the area of

task may have an impact on both the sense of Presence &pputer animation. A _ _ _ _
Co-Presence: Al t hough oneb6s i magination i s

consider some constraints concerning avatar appearance and

TThe CoPresence questionnaire used 4aj{was used for geometry, such as maximum height since users use avatar size
the first time in the experiment, unlike the onedB%; 0 estabii their social space with othe 29

1 The interface to control éhbehaviours of the avatars was
obstructive to the users, thus presenting itself as a likey3 Object Interaction
cause of disruption in the sense of Presence. _ )
A break in Presence, or in @resence, reminds the user thag] he ri th ness 0(‘; ; hte_ t“ st_e r OI S expd
it is all a simulation and they become aware of tpéiysical . €Ir sense ol presence, and object interaction plays an
surroundings. In fact, thi' por@ﬁ“é‘iﬁ\%ﬁpaltzf'lozga' IpBact,ahls%aggnle.@fthesens

Presence has been proposed as an alternative method ?gpres ot v .'O’ which only alloweq for naviga lon
. T ..~ through static environments. There were improvements with
measuring presence by estimating the number and distribut

I\%EML97, in particular the introduction of events to support
of such, Break In Presence (BIRB]l] and [32]. dynamic VEs. A brief gverview of the mechanisms supporting

Theroleoftheavatr i s extremely i mp ggelibrhctioh, Aonk With thefesafit isQids, isSpRederitéd in
0

of Presence, but even more relevant to the sense-Bf€sence

amongst other participant@39. As a result, the underlying * \yith regards to the field of VE, object interaction is an active

system must always take into account the support of virtugle, of research with focus on usability that has an impact on
embodiment of users colepl with the chosen interaction i, gevelopment of the supporting VE system. Therefore, it is
metaphors. necessary to breakdown thetdraction paradigm that begins
2.2 Appearance with the user selecting the target object before proceeding with
the manipulation of the selected obje28][ The selection
In VLNET system, the core of the system revolves aroung,cess normally includes some feedback mechanism to inform
making realistic humanoid avatars, where the avatar has @@ yser if an object is about to bdested. When haptic
underlying skeleton structure that defines what movement fsaqpack is not available, it becomes necessary to provide
possible 191]. Attached b the skeleton, is a set of médalls to  gither visual or audio cues. Ir.33, users demonstrated
emulate muscles and skizqQ, thus allowing for a deformable jmnroved performance in object placement when aided by
shaped body that is wrapped with skin texture. The face mayaqows and inteeflection visual cues, these being even more
have textured onto it a video image of the user, which Wiljgnificant for norstereoscopic display devices. Another
feature recognition could inaee performance by avoiding the ,caf technique, put forth b9d], is the depiction of the target

streaming of video and sending only changes in the featuigSiect in wireframe whilst it is being grasped so all users may
[197). Although a photorealistic appearance seems desirabl, aple to discern what others are interacting with.
research has shown that behavioral realism is a more effectivg, [167, it is argued that lack of haptic feedback can be

contributing f addemseofpresentd®le ha5hséd & b VisBdl cues if the interface for object
It is important to notice that the avatar appearance does have
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i nteraction exploits the uXdelochmotiop r opri ocepti on, such as
Go-Go Interaction 18§ and Handcentred Object . . : .
Manipulation Extending Ragasting (HOMER])23]. With the When considering Iocomotpn, teleportation .prowdes an
(o mer technique, Uinesarmemol el PRSI TERYIY TN oe om0 snecer
when the user interacts with an object that is beyond reach, W riented whe|:1 de rived of spatial awareness duriyn the
remaining a normal size for all interactions close within reach, P P 9

) . , , rajectory of travel by having a user jump immediately to their
The HOMER technique is based on4@gsting skection [174] o ) i
combined with hanaentred manipulatior2[74, but using the destination. So although teleporting would provide the shortest

userbs position as referen Cnéeanls of, tr?:é”é}n%’ I sfthetleﬁs(g sngtpqtmdto t@eo %S?I‘S i n
0

The qualliyof Taplldeyl cpgbhdn bhe bl dhupn okl o
performance in selecting objects within the VE. Tits support the notion of instantaneous travel by provisioning the

evidenced in a study2pY, where the subjects who had hapticgﬁer with artefacts such as teleport devices or/and mechanisms
feedback and a stereoscopic visual display with high refre in the case of locales in the Diamond Park environrdgnt [

rate performed a task much better than those subjects who h%ﬁ’]g mag online games, such as spells in Everquésy. [
desktop display without the lower fidelity devices. In a similag1 ¥ 9 ' P d '

fashion, anything detrimental to the quality of the devices, su pnsequently, it may be necessary to provide supporting user

o atency261) s anegalve mpact on the user performandg <, PLIONS 10 couter e cfect of doornalon
in object interaction. y ' y '

The above techniques illustrate different object interactio ar|1|y fOI‘thIS ofh_locomotlo_n,v_vhlcp presenlt(sthar: Interesting
models, which are not necessarily compatiblth one another, c"a enggl 0 achieve a unifying framework that encompasses
thus implying different implementations. The difficulty of &1 POSSIDIE scenarios.
having a single framework that encompasses all possit#es Navigation

interaction models is increased when the dimension EIavigation is probably one of the most common interaction
simultaneous object interaction by multiple participants iS°,. 2 T . )
) y pie P P activities undertaken by users within a VE. There is a rich

introduwced. In [L31], it is argued that the limitations of ?riety of wag in which navigation can be carried out
hnol nstrain collaborativ j interaction amon . L . X
technology constrain collaborative object interaction among pending on how direction is established and the speed at

users within a desktop_ environ_ment._ The study iIIustr_ates twér:ich travel is undertaken. An overview of possible techniques
impact caused by the limited Fietd-View (FOV) associated .~ 174 S .h ation t POSS q
with desktop display on a userdés per & E:X)e.'? n QJ ﬁ] >QmE Wé“f I@li'ga ®h %qt['mlques require a

another user is able to see of their surroundings, requiring m h t_|on operatloln tf) hani destmztlon, bt_husthmany_th
social interaction between users. A solution to this particul Fehniques use selection mechanisms and combine them with a

problem is making a userés Qaﬁggylarvm@ag§oél?cmogog.

{e.mot e users so
may discern what the othés seeing 88]. The difficulty of is hard to assess the most effective navigation technique

; : : : ; VE and how it fit&Zinto
collaborative object interaction results from the dependenu%0 ra . .
in the distributed data model, the rendering process, and t 2 distinglish between the usability of each techniquij [

supporting network infrastructure along with its associatdgf OPOses taxonomy of virual travel techniques, along with

mechanisms, such as Area of Intefdanagement (AOIM). In quality measures to assess their usab_|l|t_y. . .
[166, a VE system is presented where the main aim | A testbed evaluation study of basic interaction techniques

collaborative object interaction. This is achieved by combinin 5]. ytl_elds the .foI\I/owmg US?fUI recommeations - for

the usersd inputs together v@Y'gcaWri'q‘?Slgg'l?_EiSXSfe@% acti.on model go
by the laws of physics. In addition, there areethwvisual 11 Navigation involving the user in steering the movement
metaphors to aid the user with their cognitive load allied to Produces the most intuitive interface and can be mapped

collaborative interaction without haptic feedback, but no user °NtO the user in one of three ways, direction of the head,
study was carried out to evaluate the effectiveness of the direction of the body, or hand gesture.esh techniques
metaphors and their impact on both the sense of Presence andﬂemonstraﬁce a higher level of precision and control of
Co-Presence. In addition, the system has issues of scalabilit* movement; _ .

due to the distributed physics model and its requirement forll Navigation based on target selection, such ascaaying,

total reliability of inorder delivery of data. To address the ~May have animpact on the design of the VE to compensate
shortcomings of the complexity of the physics mod&§7 for the inaccuracy of the technique; _

presents anodel that decomposes object interaction into four TNavigation based on magulation techniques, such as
different phases2@]. Based on the model, a framework is HOMER and GeGo interaction, should not be used in VEs
presented where the Awareness Module provides the user withWhere travel is frequent and usability times are high, due to
visual cues to aid in the assessment of what is happening, whilstthe resulting discomfort;

the Combiner Module akes into account all the position Any navigation technique that does not have cognitive
updates from the users manipulating an object and affects themapping to physical travelljpmay perform worse than the
objectos final position on t Were nagralerhpigues. Thin preperty is Mok exgusivegop r o
less accurate than the approach based on a physics model, buhreedimensional  VEs, as users within tddsed

the performance and scale is muiciproved. Multi-User Dungeons also experience disorientation
whenever confronted with neBuclidian spaces.

With navigation, animportant aspect is localisation
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information such as the World In Miniature (WIM) interface[22(.

[217, 186. The concept consists of the user having a smaller

3D miniature of the environment that allows them to see and lll.  DEVICES
select their destination without sufferifrgm any occlusions to . . - .
their line of sight deriveérom the structure of the model The devices are responsible for providing the sensorial data to

Another potential navigational aid sees the user empowertec{1 e useros senses based on 1t h e
with the ability to see through obstacles (e.g.: walls). Th ollected from the various input devices. When the sensorial

effectiveness of using transparency as a navigatiaid was mformgtion va!idates proprioceptive signalg4fl, then the
studied in B9, which demonstrated that the method did'Ser will experience a greater sense of preselg. [On the

i mprove usersé navigation. qhﬁrehang,aaw_%con “?tsqrﬁa% re3u|t B"?‘)’Vha\'z '5 quO\Hneh ed
providing the user with the capability of having cybersickness, wbh may also be caused by numerous other

bi r-ayéview yielded even better results than using th ctors p64. .MOSt VE systems have recqgnised thg nich
transparency méanism variety of devices and thus have an abstraction that shields the

Although there are three dimensions to a VE, most of t?{stem from the operation of a particular device, in similar

navigation is done in two dimensions, but one may wond zsh[on to detVICEtr(]jl’ltVEl’S '? ?p:ndmg.syséems. 'I}he VRJugg.Ier
about the effectiveness of any method based on maps w fli] IS a system that has total device decoupling as a primary
jm in its design with an elegant design based on device proxies

considering navigation in all three dimensions since the u ; . X
g 9 14]. Other approaches have considered only input devices

ﬁlﬁgsggggisp%gcer difficulty in gathering and assessing spat such as the Device Unified Interface (Dresented byl35

The navigation is a semantich model with various for generalpurpose 3D interaction. This design was fur_ther
subtl eties that have an im >éte(p({e_db .’wnalst}lﬂeeM_an%r??dgl%tha%ngtgng/lprﬁvd%sc e
travelling in the VE, thus it is important to consider the?hg:ane”nc eV|tce atf‘ ract:oni_ u a]!sp pr?wd es ;mag Ic layers
associatedcognitive issues7b]. The implementation of the at at_ow au fma Ic ?e ec ;9” OAItII’?pu h tehwc as;al on f
model is nortrivial and usually is tightly coupled with the datana}['r:ga |§n sSystem con |grL11ra on. obug € use L: r:jess t%
model of the system along with the related input devices. Tiﬁ’g | ef'?n ap]?r%a('::hes can h € apprem? ed, d te
is why it is easier to adopt Virtual Reality Peripheral Networ piementations of both approaches -are  constrained 1o

VRPN) 25 ic device lib d build th(:_pa.rtit':ular VE systems. The_adoption Qf the designs in.to an
gdditio%al[na%igzstio?l Sgeemnzggcsewce torary and bul existing system is not feidwe, considering the design

incompatibilities, thus any modifications will most likely
2.6 Emotions and Body Language require structural changes making the implementation

The inclusion of behaviours in an avatar aids the sense uoqfeasmle. This is particularly relevant in the case of Mapper

co-presence of others. This observation was evidenced in tﬁ’gere semantic abstractions are included in thegdewhich

second experiment by?] where aatars with dynamic facial asrza%rﬁ ﬁgg]'rcva?g; o?othoes;irgﬁlgggo?ifetnﬁ dsﬁzfg\}voArT(omer
expressions and gestures had a significantly more relev ' prop )

where the devices, interaction techniques and environment

impact on cepresence than their static counterparts. Humarb'ects are mapped into obiects. However. it compromises the
social communication relies significantly on intricate emotional ) . pped In ) o ’ np
esgn with the definition of an environment object and the

and body language in the form of reerbal canmunication coupling of interaction techniques with the device abstraction
channels 119. Throughout the dialogue there is S|gn|f|cantA better solution is the VRPN framework, which was designed

body language that the avatars display conveying more . . . .
information on the context of the conversation. There is son?i%a library to be integrated into a VE system by providing a

e . clean abstradnterface to any device. The VRPN solution also
research in this area, concerning autonomous ava26,23, révides a flexible architecture that can be distributed across

where the avatars assume characteristic postures and fidge W network, thus the devices are not required to be collocated

that normally goes unnoticed until people are made aware Ol " o rdware running the system.

these signals. The approach consists of providing som . : .- .
intelligence to the avatars, such that they may evaluate WiTO better illustrate the importance pfoviding a unifying

various stages ohfteraction of the user with theirsurroundingsI dmework to the devices, the following subsections provide

producing the corresponding behaviour. The final result IendqsIght into the different types of input and output devices,

more credibility to the overall illusion, since the avatars seeﬁ*?ong with some of the technidalr VE systems

more alive, thus enhancing the sense of presence of a use3.h Input

[184] a similar aproach is taken, but the focus is placed o . . .

equipping the avatar with emotions that reflect the tone of tﬁ@e |nputAdeV|ces are t_he way that a VE system caertdisbg
serds position, orientation,

messages being typed by the user, providing more informatign® . . .
and thereby enriching conversations. this is achieved by the system is not only through the use of

The work of P67 also enables avatars to reaCtbuttons/switchesandjoysticks (instances of devices commonly

autonomously to the context of a conversation, but the focusLi'§ed for input), but also by means of trackers, Whmh_arp v
based on simplified gestures such as gaze direction. Howe\;QIUCh de_pendent on some supporting techr)ology. Opt|_cal (such
the supporting system is dedicated to the BodyChat behavid”[?r,th.e HiBall [269,270), Magnetic, Mechanical, acoustic and
framework and is not transposable to another VE systerlﬁert'al'

Visual cues déct the avatar conveying nesmrbal social cues T_he fsaLr}plrl]ng rf]?tﬁ of the dﬁ‘t.a received ;FO{]“ the ltrgckll?r?
for users so they may discern the situation and act accordinéj@/\”Ce IS high, which can resuft in errors, which coupied wi
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measurement latency, leads to cybersickness. Therefues er 6 s eyes as wel |l . This app
smoothing and estimation techniques are used to make the tBelsponsive Workbenchi46 and whilst feasible, the hardware
manageable, ameliorate such errors, and to achiewéimeal limitations compromise its usability.
performance. Techniques used to achieve this are KalmanAlthough most of our sensatiinput derives from the visual
filtering [162, Grey s/stem theory 276 and/or double senses,48 demonstrates that audio has an importantimpact on
exponential smoothing2B3. A comparison between Kalmant he user 6s experience within a
and Grey filtering 277] yields little difference except the consider the minimal quality requirements to ensure a
former is more susceptible to jitter, whilst the doublesatisfying experience. Whilst equipgina user with stereo
exponential smoothing at little cost in accuramytperforms earphones is a possibility, a richer experience is achieved by
Kalman by 135 times. rendering the sound waves within the environments, but such
None of the tracking technologies are without disadvantages) approach usually results in dedicated VEs systems such as
thus another alternative is to combine solutions to leverage thBigital Interactive Virtual Acoustics (DIVA)164].
strengths and counter their weaknesses. This is the case of thEhe cost associated with a CAVE as a device remains
IS-900 273 that combines acatic with inertial technologies. prohibitively high and beyond the accessibility of the mass
Aside from locating the position and orientation of the usemarket. Another more cost effective approach is to consider
there are other tracking t emditipl® displayiviewingt wheré the ¥Ekis temdereduasress 6 s
the case of hands, the various techniques described in geweral displays combinewith the use of PC clusters.
survey R47] can be categorized it either intrusive or However, the degree of immersion is reduced and the
nortintrusive, depending if the user is required to wear a glowenderlying system is built with the primary goal of rendering
or not. synchronized views across multiple displays, such as in the
3.2 Output case of thg distriputed architecture pre;entgd 89). [A
' particularly interesting technology to consider is the Virtual
Three years after t he pr248s e RetirmltDisgay (VRD) whietelthe displaytiseprojeaied directlya ¢ e
the first HeaeMounted Display (HMD) was presente®4f. to the retina of the use8§].
The original HMD was cumbers@mdue to the tracking 3 Other
contraption that hung from the ceiling to track the position o:?'
the user, whilst the rendering was done upon miniature Catholdh e s ense of touch can great/
Ray Tubes (CRT) that would superimpose the virtual imagaesence within a VELB6], which may result in increased task
upon the real world view. Even with the advancdstie performance 163. A successful approach has been passive
technologies pertaining to HMD, there remain limitations witlhaptics, which consists @froviding physical artefactfor the
the device due to display resolution, latency and thesers to physically touch whilst seeing their virtual
field-of-view. These limitations may result in cybersicknesgepresentation. However, such an approactuces the
such as in the case of latency between the tracking and dispii@edom of creating alternate realities since a physical artefact
[83. is a contextual constraint. To benefit fully from the advantages
Instead of having a different display to each eye to give tld touch and keep the general purpose of VEs it is necessary to
sensation of depth, another approach is based on variase active haptics or fordeedback haptics2fl1]. These
stereoscopic techniquefdg using a single display. The devices are based on a phgsitodel of the VE and monitor the
cheapest solution is to provide lightweight glasses with twiorces exerted by the user. Depending on the properties of the
different colour fiters (usually green and red) and render twenodel, the device then exerts reaction forces, giving the
superimposed images, each with a particular colour so each eperession to the user that physical interaction is taking place.
builds the 3D image. This can also be achieved using polariZ€de study[172 suggestghat haptic feedback allows users to
filters instead of colour filters, which has the benefit operform tasks in much the same way as in the real world.
allowing colour images.A more sophisticated approach is to The benefits of tactile feedback to identify objects can be
use active Oshutter 6 gl as s ersinforchd with thermél tfeedback, has repoetédt B4g.nd r |
accordingly by polarizing each eyéece in turn as the left and However, the devicedo not have sufficient gradient resolution
right eye views are alternately projected onto the display. and there are difficulties in reflecting immediate changes, for
Another possible form of sual display is to have a roominstance when the user grabs a cool object and then a warm one
where each surface, such as the wall, floor and ceiling, hiasquick succession.
projected onto it the VE with the appropriate perspective
corrections and synchronization so the result is a single view
across all the displays CAVE™ [60]. The view frustum is IV. RESOURCEMANAGEMENT
built based upon the position and orientation of the user whose
position and orientation is tracked by the system, this leadsAoresource takes on a different meaning efeping on a
possible distortion of perspective to any other users who are patticular context within the VE system. Therefore, a resource
tracked by the system. To counter this prohl¢3] proposes may belong to one of the following categories:
extending the concept for single viewer stereoscopic imaféata Objects (Content). A VE is populated by a vast
rendering to accommodate an additional pair of eyes. Anumber of objects, which require the support of a database.
drawback of such an approach is the reduction in the frame rat€hese objects can beither passive (e.g.: table, painting,
since the interleaving is no longer just between the leftight wardrobe, etc) or active (e.g.: avatar) depending on their
eye of a single user, but includes the interleaving of the othecapability of influencing the surrounding environment.
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However, an object can also be just a texture or a behaviouniect has a single owner at any given instance in time. This
script. A fundamental truth of cybersgacas described in implies the use of object locks in a pessimistic manner,
[238], is the fact that the alternate reality exists regardless ofeaning that unless a user has acquired the lock of the object
whether any users are interacting with it, thus providinguccessfully, theycannot manipulate it. This approach
object persistency; introduces a noticeable lag in the user interaction, as the
1 System Objects (Code)in systems that allow for dynamic ownership transfer requires an initial lock request that is
extensibility at rurtime, the codéecomes aresourcethatcare mbodi ed in a message sent fro
be retrieved, integrated into the system and manipulated. Thevn er 6 s host . T hciele ifritevith elinguishth o s t
retrieval of a code resource entails a distributed infrastructufee lock, sending a message with the response. Consequently, it
along with the appropriate mechanisms to suppoi¢ only after the exchange of two messages, and the response
accessibility and retrieval; being successful, that the user is allowed to manipulate the
fEvents An approach d achieve flexibility within a VE object. This approach is detrimental on taecounts. First, it
system is to decouple dependencies caused by comporé@gs not scale to a large number of participants. Second, the
interfaces, by adopting abstractions for communication, suél¢lay makes it unfeasible to have any +#ak object
as an event model. Since events are time dependent and affei@raction. In the initial versions of Distributed Interactive VE
the consistency of the integrity of the datadel supporting (DIVE) [122, the object ownership mechanism iseigitated
the VE, event distribution and synchronisation are importaftto the distributed architecture of the hosts by using tokens.
mechanisms to be supported. Each object possesses a token, which must be acquired by any
Irrespective of the chosen categorization for resources witHi@st desiring ownership.
a VE system, the management mechanisms usually requiréA different approach is taken with the centralized
repositories where the resousare stored and retrieved. Thesérchitecture of Virtual Societylpg where tle server keeps
repositories require the support of namespaces, where logitt@ck of the ownership of all the objects. However, there are
names can be translated into system based resource handierent limitations to the pessimistic approach that cannot be
The identifiers should be unique within a weé#fined naming countered by careful design or implementation. Therefore, it is
context (scope) to avoid identity dslbns and ambiguity in the necessary to pursue an alternative that involvesugier in the
resource retrieval. It is possible to combine namespacekpcessing cycle by providing visual feedback as in the case of
together to construe logical names that are relational. the ghost cloning technique presenteddi].[ The concept is to
addition to the naming mechanism, it is necessary to support gieate temporary translucent copies of the object that accept the
lifecycle of resources, which initiates withetiprocess of their us er 6s changes . | f edsfulethebohbjeatn s f e
discovery and retrieval becomes solid and all other temporary copies are vanquished,
The Rendering and Network are fundamental services thherwise, the object disappears and the user verifies that some
are part of any VE system. However, there are a wide numisgher ghosted object has become solid.
of other services with differing levels of granularity according To counter the shortcomings of pessimistic lock transfer, one
to a particular implementatioror design choices. These relaxes te notion of a single owner at any given instance and
services can be shared across the system or be replicategofsiders the possibility of multiple divergent states that
different subsystems, as in the case of spatial management fyentually converge. This allows each user to begin their
visualization and interest filtering of network data transmissioifiteraction whilst waiting for the outcome of determining
In this case, a development choice rbayto adopt a common Object ownership. Howeveif, the process is unsuccessful and
service to cater for the needs of both the visualization afige lock is not obtained, then any manipulation carried out is
network subsystems; however, the most common approach fgrfeited. This would mean that the current state has become
for each of these subsystems to implement some form of spati#lonsistent and the system needs to converge to the recognized
management. legal state of the database. Tapproach was initially proposed
The remainder of the stdection will present two additional for VEs by the Collaborative Immersive Architectural layOut
services, which have high semantics, one is Object OwnersK{p/AO) [246 system and is known as optimistic lock transfer.
and the other is Environment Policies. The functional Although the optimistic concurrency mechanism is more
granularity of these services is entirely for illustrative purposesalable than the pessimistic approach, thméo still suffers
and different systems adopt differing approachespitkes from significant scale problems and is inadequate considering
sharing similar functionality. the impact caused by rollback of database state. An improved
) ) approach is for object ownership to be predicted in advance. In
4.1 Object Ownership the case of PaRADE2(D€], a single welknown muticast
An object, which resides in the database supporting the V@roup is established where ownership requests are transmitted.
can be accessed simultaneously by different users. Each us@gh host predicts the collision with objects and multicasts the
expects to have immediate feedback when manipulating a@ynership request. An owner of an object receives all the
object. However, thisaises a challenge when considering jointequests and validates the collision times to determine tte nex
object manipulation as ownership transfer within a distribute@vner. However, the burden of communication via a single
system takes time, which collides with the reale multicast group results in serious scalability problems. An
requirements of user feedback. improved approach is proposed W6§, where hosts in close
The easiest approach to the problem of object ownersHipoXimity are aggregated together into a communication group
transferis to have a pessimistic approach and consider that #hexchange mesges.
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4.2 EnvironmenfPolicies [169.

An environment policy represents a set of rules that defin8sl Access Control
different laws that govern a VE. These laws affect all objec
and entities within the scope of a walfined area.

The concept of environment policies is somatvhlien to
most supporting systems, which is evident in the followin
cases that arise when considering the transition of obje
between different VEs:

TNon-exportable. An object is norexportable when it is not

§0me systems have initiated the process of integrating security
within their functionality.In DIVE, it is possible to associate
ccess control with designated elements of the scenegraph in a
gtigwilar way to Unix Access Control Lists (ACLs). However,
such mechanisms require further refinement, since it is not

possible to ensure the immutabilitydh uniqueness of user
! - ) profiles. Consequently this produces unpredictable results. The
:\Tcogénlﬁed. by a_rll_% othder \:.E apfart from tm@maltonet:,f SPACE access modell]] is a more elaborate approach,
TNon-be aviour. The adoption ofa common conten Or.marconsisting of an accessibility graph based on spatial boundaries
to describe objects facilitates the transition of objec 9. The transition from one space to anothemisstrained by
between VEs. However, there is no guarantee that the ev

del of th delling | . ible with th security credentials of a given arc. However, this approach
model of the modelling language Is compatible with t ?sseriously plagued with scalability and distribution issues, due

event model oflte system. Therefore the process of evenf the ¢ mputation jnyolved with the SPACE model.
Awiringo is not aut omated an8 In t\f'ne case otE o%j

have dependence of external events, incompatibilities |2 Cheating and Hacking
semantic meaning may render an object as inert;
fINon-environment. An object can be successfully

ects t

Whilst cheating was an accepted factlibé in the games

- industry, the problem had no significant impact when
trarsferred to another VE and exhibit the correct locglysiqering only single player games since the user would be
behaviour. - However, the object does not alway§u the perpetrator ammhly victim. With the creation of VEs,
demon;trate the CO”.ECt behaviour according to the r.“'S?onIine games, the problem of cheating has become an issue
that define the VE. This results from thg fact that the objegtr concern that either leads to system inconsistency or
does not have the necessary set oppr_'ues to sypport th? deteriorates the enjoyment of other play&5.[A survey done
rules. SO in the case of a VE support!ng gravity, an ObJeBF players of Massive Online Role Playing Games (MORPG)
may fail to behave correctly because it does not have Mas§icates that cheating is a serious issue and that 77% would
o z_affected by the gravitational field. . like the game copanies to take draconian measures against the
There is no standard set of rules that define an altern ers who cheaPP5. Despite the evidence of the impact of

reality. Ths makes it infeasible for every object to support ally\eating the product life cycle in the games industry after

the possible rules. Therefore, it is necessary to adopt W€ ejopment, consists of releasing a game and then initiating a

concept of the metdatamodel, where a V_E system can ad ycle of releasing sedty patches to address security problems

properties to objects to support the behaviours dictated by {ignin the system. This reflects that the industry has, in the past,

environment laws. Stn the case of a VE supporting gravity,faiieq 1o understand the importance of security within the
the system verifies whether all objects possess body mass a’l?efign of their system201 from the initial stages of the

necessary can add the required properties. This approach wagdem development. A goarberview of existing fallacies,
key characteristic that made traditional MUDs attractive;jong with the respective cheating mechanisms, is available in
However, within the VE commuty, the most representative 2

system is Distributed Environment for Visualization A ﬁumber of interestin : ;
S . g mechanisms have been devised,
Applications (DEVA) [L90, where properties are added to, as challenging the -emgineering process of

! . L . uch
objects when required to execute the existing behaviours OE(S’mmunication protocols while minimizing the pEThance

particular environment. penalties normally associated with encryption. This is the case
of [27], which proposes a protocol to counter existing look
V. SECURITY ahead cheating techniques, based on a cryptographiwaye
hash technique. The core concept is for a host to send
In any system, one @fie most concerning issues is security anithformation regarding their state twice, the first time in secure
how prone a system is to security breaches. The current statenofde and the second time in plain text, thus allowing a local
existing VE systems concerning secudgmonstratethat itis host to compare the data and validate that no tampering has
an area ofoften neglected The most prominent security been made. To ameliorate the performance penalty of such a
mechanism is a user validati process during a legn phase. process, the conpe Sphere of Influence is introduced that
Although security is a topic of concern in most existingllows the antcheating algorithm just to be employed when
systems, the VE community has neglected to pay due attentjgayers are in the vicinity of each other. However, the
to it and most VE systems reflect this with their open trugierformance penalty is not negligible and the communication
approach. This is clearly evidenced in tBBMNET system protocol must provide total reliabyitwithin the areas that
where it is the target that determines if a hit was successfulresult from the intersection of the spheres of influence.
not. The situation is somewhat different in the games industéy3 Svstem S it
where security is a main concern for several reasfjsthat -2 System secunty
ultimately affect business revenue. In fact, gma of online The traditional approach to VE systems is to have a static
game devel opment i s 14% whichis vraentimetekeousion, iniplyirg offlihei time dach timhe there is a
a reiteration of a lesson learnt during the Habitat experiment
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change in the supporting code, sustifee integration of update directed acyclic graph known as a scenegraph (Transforms the
patches. A new trend is emerging in the field of VEs where ti@&(n) problem into O(log (n))), which organizes objects in a
systems may evolve at runtime, meaning they may accepigrarchy where relational information is propagated along the
modify or replace software without requiring offline time. Inscenegraph.
either case, the process raises the questiarmether a person  The initial scenegraphs were mainly structural Hase
can trust the source of the new piece of software to lgeometry transformation applied to the relationship between a
integrated into the current system, and this implies mechanisparent node and its child nodes. Gradually more nodes (ie:
to ensure trust and guarantee authentication. A preliminasgnsors, interpolators, etc) and functionality (ie: event
design criteriag24] has been discussed to be integratethe propagation between different nodes) were added, thus
NPSNETV system, but none other has been addressed in terdening the scegraphs with semantics. As a result of
field of VEs. nonhomogenous nodes, the scenegraph transversals became
more computationally expensive and cumberso®®§[ This
is clearly exemplified with the comparison between Performer
VI. RENDERING [197] and Inventor 212, which both orignated and cexisted
at SGI. In the case of Inventor, the aim was to have a highly
rBlsable and extensible structure, which made it less desirable

input and produce sensorial output using selected hardw. s ; :
devices targeted to a particular human eerccording to P?%r?ortrrr]lir efficiency achieved by the simpler approach of

mainstream knowledge, there are five human senses (sigh The X3D p9( standard, as its predecesaRML [291],

hearing, touch, smell and taste), but experts vary on the numP(ﬁrmalises a file format for a 3D scenegraph that promotes

depending on the definition of sense (Experts agree that t&‘fntent interoperability. However, there are other alternatives

minimal nu_mber IS miné (tO.UCh' smell,_ .S"g.ht’ ta:'ste, ingar hat compete with the standard, such as COLLADA, which is
thermoception, nociception, equilibrioception, an ostly adopted by the game industry
proprioception), but some consider up to twenty one senses). '

An in-depth analysis of the various rendering techniques 2 Geometric Processing
well beyond scope of this chapter, although there are multiple
worthwhile resarces, such a90,21§ for visual rendering,
[109 for audio rendering an@[L4] for haptic rendering.

From a system perspective, it is important to be aware of t
concept of rendering pipelines and their impaon the
architectural desigrConcerning lie visual rendering pipeline,
the main processing stages are depicted in Fig. 2.

The purpose of the rendering process is to take digital data

The output of the previous stage results in a list of objects to
be processed according to the particular targeted human sense.
hn a classical geometiyased graphic image rendering pipeline
ggometric transformations are applied to the vertices of
polygons, or other geometric objects used as modelling
primitives. Geometric computations may also be applied to
transform polygon or patch surface normals, and then to

. p— perform the lighting and shading computations used in their
» frz:'e“:s';‘; »» Device subsequent renderingThe fixedfundion transform and

: lighting hardware, from the end of nineties was replaced by

programmable vertex shaders of the recent GPUs

Fig. 2.Visual rendering pipeline

6.3 Pixel Operations
The advances of graphics cards have enabled the Geometric

Processing and the Pixel Operations to be directly supported byrhe transformed primitives from the previous stage are then
the associatedandware. A norconventional suggestion hastf ast eri zed into pixel fandgmen
been to delegate the entire visual rendering pipeline, includiggbmitted to operations such astesting, texture mapping,
the Object Database Processing onto the graphics hardwegfragment shading algorithms, alpha blending and
[MFO5]. The argument being that all unified dataanti-aliasing.
representations have proven impractiaalfar. However, this  In the past, the fragments may have only been flat shaded or
approach contradicts the principle of separation of concerhsave si mpl e texture color val
and it suffers from the potential of data overlap as differefrogmammable pixel shading capability permits numerous
rendering pipelines and operations would share comméhading effects to be applied while working in concert with
information. complex multitexturing methods

A short overview of the stages of the visuahdering
pipeline is given in the subsequent subsections

VII. NETWORK

The infrastructure for data communication is not visible from
e perspective of the system, thus it isdhaever mentioned

6.1 Object Database Processing

The initial stage of any rendering pipeline is the processing

the 0bject datgk_)ase r_epresenting the alterpate_ reality iltloany vision for VEs. However, one of the fundamental truths
determine th? visible Ob.JeCtS to be_ rendef@dnsidering th"."t recognised within the field of VEs is crystallised in the primary
Fh(_a computatlonall costs increase with .egch stage of the plp8|||g§son that resulted from Habitd6[], where it is stressed that

it is highly beneficial to have an efficient data structure t berspace will only exist if people aits crux. Considering
transverse the object database and eliminate any Ob_JeCtS &{ao& each person has a terminal host with devices that enable
will not be rendered. A common data structureedi is a them to interact in the VE, it becomes self evident that all the
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different hosts need to be connected in some wagr more precisely the network layer, with the Hoghop
independently of the underlying architecture. Althoughaem routing of data packets between the nodes of the network
within a VE, meaning it has no virtual representation, thknown as routers. When conceived, the primary concern was
connectivity is provided by an underlying networkfor data to be transmitted from@®mode to another without any
infrastructure, which provides a rich set of problems thatonstraint of a prestablished path, nor any expectation
require some awareness to build adequate data communicationcerning delivery guarantees since the layer does not provide
subsystems. In fact, rab developers completely ignore theany reliability, flow control or error recovery. This single
intrinsic nature of the network and restrict themselves to tlemnnectionless service for data deliveryheut any assurances
socket paradigmi1g with its blackbox approach to networki s known as t-@fef onterset disc @ bmec
programming. This results in a complete lack of understandimag its genesis, no one predicted the success of the Internet which
of what can go wrong when connediall the different hosts. n o w provides gl obal intercon
Consequently, VE systems become erratic and inefficieptessures demonstrate that both the-b#stt srvice model
beyond the weltontrolled environment of the developmentand the endo-end design principle have become inadequate
testbed, leading some developers to despise the IntéBWwt [ considering the current requirements of the netwd. [In

The adoption of simplicity as a core design pgheiwas fact, the introduction of third party middleware within the
crucial to allow the Internet to evolve from a small networketwork has compromised its transparent architec88je [
between a dozen sites across the USA to the global
infrastructure that exists today. This line of reasoning i
embodied in the entb-end design principle2B(Q that is based y
on the formésation of various trends within networking
communication regarding data communication betwee.* Network ." Network ¥ ." Network T
different hosts, where the user applications reside. Tt
principle defends the potential benefits of delegating to tt
application partial responsibility ovéine data communication
delivery service since the semantic requirements of tt Broadcast Unicast Multicast
application can determine usefulness of the data in case of Ic Recaiver
error, and/or latency. For example, in the case of moveme B oo
updates, ensuring total reliability with Fhist-First-Out (FIFO)
delivery is not required because the temporal expectancy of the Fig. 4.Distribution models for IP networking
data is low with the next piece of data invalidating the previo .
state. Consequently, the simplicity associated with trﬁl Distribution Models
endto-end design principle has kept the complexityhaf core  There are several ways, as illustrated in Fig.4, to distribute the
backbone minimal, which facilitates maintenance and growtHata from a source to a particular receiver or group of receivers.
The user also benefits, since new data communicati@ach approach has advantages and disadvantages, mad so
functionality does not depend on its deployment across thave deployment considerations that constrain their adoption.
network. 7.1.1. Broadcast
The broadcast model consists of a host sending a packet to all
reachable hosts across all interconnecting networks. This
model presents serious problems concerning routing beocause
the associated packet implosion. The Internet prevents this
D problem by having mechanisms on the routers that filter all
broadcast packets, not allowing a broadcast packet to be

K )

Host Sender

A Receiver

St franshork see st forwarded from one network to another. An initial system that
s P aes © employed broachst was SIMNET 199, a military simulator
Data Link T — Network network, which proved to scale very poorly and had bad
Physical Interface see Interface performance when more than a very few hostexisted in the
Hofwnrg network.
0S8l Model . odel .
7.1.2. Unicast

The unicast model embodies the dnénd argument,
establishing a communidah channel between two host
Within the networking community, the OSI seven layeregnachines. However, for a VE that is distributed across any
communication model80] of Fig. 3 is used as a referencenymber of computer hosts, the moisahot scalabl@s network
model which addresses the complexity of data networking h¥sources are finite and globally shared. This is most evident in
breaking the problem domain into different layers (layefhe case of bandwidth sharing, where tlemand may grow
label/layer unit).In practice the Iternet uses a simplified exponentially according to the number of participants. This
model (also illustrated in Fig.3) where some of the layers afignjtation is evidenced in most, if not all, ret@ne interactive
encapsulated into a single layer due to the difficulties ignline games where a significant portion of the monetary
isolating some of the functionality such as in the case of tiigdget is allocated to ensure bandwidth at the semvarpport
data link and physical layer. a maximum threshold of simultaneous users. This threshold is
The heart oftte Internet is embodied in the Internet Protocokignificantly smaller when the associated budget does not allow

Fig. 3.The OSl and IP communication layered model
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such an oveprovisioning of the server bandwidth, such as iprotocols is one of the foundational problems towards wide
the case of the VE systems developed within the reseaméployment of multicast. When considering inti@main
community, for example RING1[1(J and WAVES [L45. The multicast, there are a series of proposals, sudHiesrchical
case worsens for those systems that operate solely on khelticast ProtocolidIP) [210 that operates with eredCore
Internet, such as NetEffect]] and DeepMatrix 2. BasedTree (OCBT) 09 and the Multicast Source Discovery
Although the unicast model imposes a threshold on the tofatotocol (MSDP) 103 coupled with Protocol Independent
number of participants withia VE, there is always the need toMulticast(PIM) [7, 84], but none is the optimal solution. Both
have a dedicated data channel between two hosts such as iistance Vector Multicast Routing Protoq@VRMP) [27§
case of downloading the data files corresponding to the contemd Multicast OpenShortest Path FirgMOSPH [177] suffer
of the VE 6. significantly from scalability issues, in particular when group
7.1.3. Multicast membership is sparse, so these protocols are not considered for
The multicast model 78] is ideally suited for group interdomain multicast routing. The MSDP complements PIM
communication, \were all hosts that share common interest afer the distribution of RP ahtheir respective multicast groups
grouped together by using the same logical address. Aagross different domains. However MSDP defeats the intended
message sent to the group is received by all members of tgport for shared trees because the protocol does not handle
group, but the sender does not need to be a group membeinter-domain communication of RPs, resorting to source based
send packets. With multicast, thandwidth requirements grow routing. With CentredBased Trees, thplacement of the core
linearly with the number of participantadq]. greatly influences the performance of the protocol. In the case
The data link layer supports multicast by default, such as @i optimal placement, the delay incurred is at most twice as the
the case of the Ethernet, where the mapping is direct. Howevehprtesipath delay 266]. This upper bound is contested by the
the same cannot be said of the networking layer,eamitial IP  findings in [L95 where the additionadlelay is stated to be at
protocol did not foresee the necessity for multicast, until it wasost 45%. Another problem associated with CBT is the
proposed as an extension 6], A detailed analysis of the possibility of traffic concentration near the core. However,
traditional multicast address allocation mechanism is given literature has conflicting findings wheresd claims the
[126], which concludes that the introduction of afairchical concentration to be relevant, whilel9y dismisses the
scheme is necessary to ensure the success of multicast sietevance. The later study is based on a graph model originated
270 million addresses yields a difficult namespace to manaffem experimental data, thus providing more realistic results
on a global scale without any supporting structure. The currehian the 50 randomly generated graphs as2in[ The
proposal Multicast Address Allocation Architecture (MAAA)importance of core placement has resulted in various research
[255 is overly complex with its three composing protocolssolutions, namel[63, 258 which carries out a static selection
Multicast Address Dynamic Client Allocation Protocolof the core based on prior knowledge of the network topology.
(MADCAP) [138, Address Allocation Protocol (AAPYLB4  However, the volatile nature of the network does not guarantee
and Multicast Address Set Claid{J7]. Another proposal is the that the best choice for a core will remain dans over time,
one provided by the framerk [150, which allows dynamic thus B1] proposesan algorithm for core migration. This
address allocation on a global scale, based on the MAS@proach consists of having a set of candidate cores, which
protocol and the BordeBateway Multicast Protocol (BGMP) evaluate their potential performance compared to the current
[254). The process of multicast routing is fundamentallgore. In the case of improvement the candidate becomes the
different from the pointo-point routing of unicast new core. While the idea of havinglgnamic core placement,
communication, since the distribution model resembles a tredth the aim of achieving the optimal CBT, seems to improve
and the routing process consists of two distinct processes, geformance, some issues remain unclear. As a result of the
building of a distribution tree and the actual forwarding. Thproblems associated with multicast, there has been active
building process relies on InternetdBp Management Protocol research into modifying the basic multicast model thgnging
(IGMP) to inform the local router(s) of membership intent anthe addressing system to utilise a tuple space, such as in the
then there is the multicast routing protocol to build thease of Simple Multicastlpg, Express 127 and Recursive
distribution structure. There are many solutions, each with itéNicast TreE (REUNITE) 228. However, none has been
advantages and disadvantages, thus contributing to deploymeeployed, although IGMPv3 integrates the concept of tuple
problems assoated with multicastq9]. addressing andt is the basis for Source Specific Multicast
Independently of the routing protocol used, there is always(8SM) [128, which it is hoped will make multicast
delay from the moment of joining a multicast group andommercially viable in the mass market.
beginning to receive data. This delay may be sufficient to causeOther problems that have proven detrimental to the wide
inconsistencies within the VE, thus particutare should be deployment of multicast are caused by missing functionality t
taken with management of group membership and ispport a business model that allows exploitation of the
mechanisms 152. To address the latency of grafting andechnology 79]. Many of the addressing problems, routing and
tearing down links to a distribution tree, several proposals ham@ssing functionality have been dealt with in the design of the
been put forth to address the possibility of subcasting, meaningxt generation of the IP protocol, IPV&], where multicast is
the coexistence of different subgroups within a singleno longer an afterthought but has been present since the
multicast group, namely Router Level Filtering (RLEBY, conceptualisation phases.
BreadCrumb Forwarding Service (BCF328H and Generic Although multicast is supported by the infrastructure of the
Multicast Transport Services (GTMS37). Internet, the distribution model is not readily available. This
As previously mentioned, the diversity of Hicast routing makes it necessary for hosts to connect to a vine@bork that
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shares the same physical infrastructure. This virtual networkMost, if not all, monitoring studies yield similar results
uses dedicated routers that can handle multicast betwemmcerning the decomposition of network traffic, wang that
themselves, using tunnels between each other when {hHeP is responsible for 83#11% of the total byt@8§][passing
network distance is more than a single hop. This network tisrough the monitored sites. However, the total number of
known asthe Multicast Backbone (MBonell$]]. Although flows is not as disproportionate since TCP holds only 56+15%
many VE systems resort to multicast for group communicatioof the total number of flows. This indicates that although the
deployment beyond the research laboratory or/and dedicaiadrease of distributed applications using UDP modifies the
networks presents significant challenges due to the difficultiégpe of flows, they have not had an impact upon the
of integrating and usinthe MBone. Consequently, some havecomposition of traffic in terms of throughput. As a result, a new
devised their own mechanisms at the end system to link tbategorization is emerging to distinguish not only between the
multicast islands together across the Internet, such as in the cawall and large ackets, but also between the streams of short
of the Cyberspace Backbone (CBon8}p|[proposal and the and long longevity16]. Considering that the composition has
more practical implementation of tHelVEBone P3]. The not significantly changed, an earlier studg§ segregated the
DIVEBone is based on the use of a server process that acts gaffic into the respective applications, and it was verified that
multiplexer of all messages received from a particular chanrtble great majoty was generated by the traditional protocols
and redistributes the messages to all the other channels. &gociated with th&WWW with online games holding only a
building tunnels between the different servepxies, it is very small percentage of the total bytes transmitted.
possible to build an overlay netwonkith the last network hop  Independently of the network behaviour, the characteristics
asmulticast. There is a penalty in terms of latency and overheafl the network can be distilled into wah affects data
traffic, but no systematic analysis and evaluation based oammunications, namely latency, jitter, bandwidth and
actual network traces was carried out to evaluate theliability. The combination of these characteristics reflects the
effectiveness oftte implementation. In fact5f] verified that state of congestion of the network, which in turn reflects the
End System Multicast was viable when considering smadhared state of the Internet across all the data beingnhitted
sparse communication groups with little overhead wheat any given instance.
compared with native multicast. A more sophisticated form af.2.1. Latency
end system multicasts the Narada protocol5f], which Latency within networked interactive environments is of great
reorganizes structure of the overlay network based on thmportance since it impacts highly on the overall performance
results from network monitoring. of a system. The property manifests itself in three distinct ways:
With unicast transmission, mechanisms are used to {Physical Level This is directly related to the physical
maximise the utility of the data being sent to each receiver so means of transportation of data using either analogue or
nothing is transiitted which is later discarded. With multicast, digital approaches. No matter what the physical medium
the data transmitted is received by more than one single host, is, there is always latency because transmission of
thus there must be an overlap of interest in the data to minimise information is not instantaneou7;
the transmission of unnecessary data. Therefore, the challengeffCommunication Levd. This level includes all the
with multicast communication is to devise an aggregation  problems related to the network state that increase latency,
mechanism for receivers that will maximise the data utility such as queuing delays and packet loss in routers.
across all the hosts of the group, by ensuring the maximum {jinterface Level. This is related to the software component
interest overlap in the data. The family of aggregation  of the network architecture and involves the processi
mechanisms is known as Area Of Intefdsinagement (AOIM) time necessary to pass the data from the physical layer to
and the various mechanisms are discussed in sedtion the application. Normally this kind of latency limits the
receiving data rate of an application before dropping
incoming packets because the buffers remain full.

7.2 Characteristics

In [157], the Internet is portrayed as a hideous beast that q

behaves unpredictably thereby destroying any expectations -

any construed network model, independentbf how \<

meticulous the networking programming is. These claims resi xk
from the frustration of designing and fitening a VE system, NG )

in this particular case an online game, so it operates well w
high delay. In the particular instance ofl5[], the
implementation failed disastrously to maintain consistenc
although the measured delay was much less than the projec
one. However, the devised network model was fundamenta
flawed and as evidenced by it is not possible to devise a
model capable of siulating the Internet due to itel&similar
nature B1]. Traditional modelling techniques are ineffectual irf19- &- La‘ﬁncy impﬁ“ onshared V"L“a' e”"irlonme”tw“h Spacesmpls fighting R
simul_ati.ng.the Internet over long periods. of time due tQ Sgge s ;)ft u Ielr y ! ge S tart ;y :& ' F,r:r()gnmpplag;é r Ag‘
self-similarity, although the Poisson process is deemed feasible to live another day

for modelling user seegm arrivals [L93. It has been proven by
studies 10, 196 that selfsimilarity leads to the overall
degradation of the network performance.

Player A Player B

Since VEs rely heavily on the uedying network then
latency is an inherent problem that may seriously affect the
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immersion illusion of the endser. It is important to devise scope of interest.
means for reducing its effects. i Isolation. The user experience is constrained to what is
The IP layered model, as depicted in Fig.3, reflects the structureisible in the viewing frustunit is permissible to have minor
of most appltations. The overhead of layer processingdoesnot nconsi st enci es beaedeptiengprovided f f e |
improve the network latency, thus the attractiveness ofthat these differences reconcile so that the state of the world
Integrated Layer Processing (ILP)61]. In fact, with remains coherent and consistent to all users.
Application Device Channels (ADC)7{] it is possible to The endusers have become aware of network latency and its
bypass the Operating System (OS) fead/write operations. impact on their enjoyment when participating in populated VEs.
The only involvement of the OS is in establishing andhisis evidenced by the fact that users of online games base
terminating data connections, where the associated operatitinsir selection strategies for their game server when playing
are not timecritical. The approach consists of placing beyongirst Person Shooters (FPS), such as -Halff e E . A
the OS, in the application space, a small communicéiboary  rudimentary selection strategy is based on the lowest ping value
that provides the read/write operations. This may seem to imply a server. Nevertheless, the research community singles out
little gain for corrupting the traditional layered model, lBif][ latency as one of the main causes of conceégh [
presents interesting results. Another similar approéfis[to 7.2.2. Jitter
minimise the amount of memory copying when passhy Data transmission Wialways have an associated latency that
boundary between the OS and the application. By passirgsults from the physical transmission over the infrastructure.
pointers at places in memory, rather than copying the data, itStudies have demonstrated that provided the latency is constant
possible to achieve a 50% performance increase whtte user may adapt and compensate for the latency.
compared to the BSD Unix socket interfatB§. However, all The user compensation adaptatienhniques only work as
these approachgamongst others, are not readily accessible fdong as the latency is consistent across time. Whenever there is
developers of VE systems that deal solely with the applicatienvariance in latency, known as jitter, the user is unable to adapt
layer according to the IP model, beyond the OS. even if the latency is not very severe.
Latency does not only affect overall performance of thg.2.3. Bandwidth
client with overlay packet processing tbit may lead to A prevailing principle of networked multimedia essch is that
incoherent states of the VE across participating hosts. As an matter how much bandwidth is available it will never suffice.
example consider when a user picks an object and the rela@gtrently, the two highest costs of supporting an online game
packet with the event is transmitted to all remainder avatatservice are for the customer service and for the bandwidth to
Should another user be interested in picking upah@esobject assure a maximum number of simultaneous participants.
then that should be prohibited due to its unavailabilityNetwork technology continues to expand the limits of
However, if the packet is delayed then an incoherent statebisndwidth, and network operators continue to overprovision to
attained because two users will have picked the object and botimpensate for the lack of network Quality of Service (QoS),
will receive a packet containing information that anotheityent but the excess is steadily drained.
has performed the same action with the object. Another Anincrease in bandwidth does reduce di@asmission time,
possible scenario where latency may have a disastrous impadfus it does not make any impact on the propagation delay.
illustrated in Fig.6, which portrays a hypothetical game dBandwidth influences the architecture of a VE and its
spaceships where each pl ay eavallabilitysdeinstebe inversely propprionastd the nunfber sf h o
the enemy maceships, while keeping alive throughout theisers that have access to the system. The reason for such an
process. Player A (lightgrey spaceship) has player B (darkimbalance is purely financial. At one extreme, there is the
grey spaceship) within its sight and fires a missile that destroggobal connectivity of the Internet, being massively shared
the target. However, due to network latency the packamongst millions of users so the bandwidth available to each
concerning the firing of t missile arrives after player B hasuser is quite low. The low access threshold associated with the
moved position, thus avoiding being hit. In this scenario thaternet die to it being practically free causes the growth of the
world encounters an incoherent state where player B is aliveuiser base to be exponential, consequently keeping the
one simulation view while in the other Player B has ceased bandwidth a scarce resource. At the other extreme, there are
exist. The problem of the sharebject and the exploding ship dedicated high bandwidth networks used in exclusive
are just two of the types of problems that must be handled ireavironments such as the trefisropean project Visinetlp4
smooth manner by any VE infrastructure. However, as verifieghd the Tranétlantic virtual research environmentlq6]
in [157], developing within a controlled environment does noihere in both cases the user base is limited to the research
provide any guarantees of correct @elour and performance team.
when operating over the Internet. The problem of bandwidth is tightly coupled to how much
The only way to fully reduce the effects of latency is to avoithformation may be present on a given braatthe network at
transmission of any data, but this is not feasible. There is maay given time. When considering the IP protocs®]| all
ideal solution, but it is possible to combine several techniqudsformation is transmitted by means of data packets. This
to explore the strengths of each and diminish their respectivaplies that any network, or subparts of it, has a maximum
weaknesses. The reduction of data transmission exploits tempacity for the presence of packets in its router queuds, bo
basic principles of VEs: incoming and outgoing. When this threshold is surpassed then
1 Scoped Interest A user has a limited perception of the VE atve have congestion, leading to packet loss which, in extreme
any given instance and this can be leveraged gohthst does cases, may lead to a collapse in network performance. The
not reqguire updates fr om slatarrsitat®n meaast tha rsent baekgt® have & hhigheru s
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probability of notbeing delivered, being dropped by somehe good behaviour of every other connection to adopt a similar
gueuing mechanism along the way. Thus there is the needstmtegy; otherwise ghparticular connection may continuously
alleviate the quantity of packets transmitted by temporarilgecede from transmitting data because some application refuses
refraining from any transmission, this is known as congestido reduce its data rate. In the Internet, routers may incorporate
control mechanisml42] and it isinherently part of TCP and a mechanisms to enforce congestion awareness to data
requirement of any widely deployed protocol based on UDEonnections that do not reduce thdata rate, by dropping
Clear evidence of what occurs when applications do not resppetckets. These mechanisms are based on Random Early Drop
the need for throttling their transmission rate can be found wifRED) algorithms 97], which continue to be an active area of
the initial version of Doom in death ncht mode. The game research. However for multimedia applications based on video
engine was very promiscuous as regards the network, allowiagd audio transmissions, where the data rate ib bigt
each host to flood the network with packets at frame rate amhnstant, congestion mechanisms degrade significantly the
without any congestion control, the packets were getting logtiality of the stream, therefore an alternative approach is to
and the games became inconsistent across all patiit adopt reservation strategies such as Resource reSerVation
hosts. In addition, all the remaining networked applicationBrotocol (RSVP)292.
within the same subnet were gradually starved of the networkEven though the graphics community rarely ackieolge
resources since congestion was never alleviated and their ovamgestion, it is a main focus of any protocol research done in
congestion control mechanism kept them from transmitting anlye network community. In fact, Internet Engineering Task
data Force (IETF) will not endorse any reliable multicast protocol
7.2.4. Reliability that does not possess a TCP friendlg] [congestion control
Reliability measures the guarantee of a packet being deliver@@chaism. However, recently 3[)], the feasibility and
from one host of the network to another (remote) host. Theeffectiveness of rate fairness have been placed in doubt, with
exist two types of factors that determine the reliability of #ow fairness based on cost being considered more appropriate.
network:
9 Packet loss The network loses packets at thaters because
either the packet has its Time To Live (TTL) reduced to zer®rotocols become relevant to a VE system beyond the transport
or the router cannot accommodate the burst of traffic andlayer asillustrated in Fig. 3. The most common baseline
forced to drop packets. In the former case, the TTL of packgisotocols used are User Datagram Protocol (UDP)
expires due to routing misonfiguration. In the latterase the (connectionless data communication) and Transmission
router is receiving packets more rapidly than it can proce€ontrol Protocol (TCP). There are advantages and
them. disadvantages concerning each one of the transport ptgtoc
1 Packet corruption. The packet arrives at the destination, buput the lack of performance, flexibility and control of TCP
for some reason (mostly physical) it has been modified sinsegake UDP the only viable design choice. However, adopting
its initial transmission. In this case, the Cyclic Redancy UDP entails the use of development resources to ensure the
Check (CRC) results in error and the packet is simply rejectégisulting protocol is TCHriendly and meets the data
The transport protocol may issue a control packet notifyingansmission requiraents of the VE system
the source to send the data packet again. 7.2.6. Reliable Protocols
A compromise between latency and bandwidth must behe | nternetds best effort ser
achieved to satisfy the requinents of the system. The mainand packet corruption, delegating to the protocols the
issue is to analyse what data will circulate the network and if itesponsibility of countering the negative effects and ensuring
nature allows for the loss of packets or requires reliableliable delivery. In the unicasbmmunication model, the TCP
delivery protocol ensures reliability based on the use of transmission
7.2.5. Congestion buffers with a feedback policy. The reliability mechanism is
Congestion reflects the state of the network and is an importdmirinsically intertwined with the congestion control
property thats often overlooked or completely neglected whemechanism. A feedback mechanism also regulatesfltiw
designing VEs. The state at a given instance is characterisedcbytrol mechanism based on a sliding transmission window.
the state of each queue within all the routers of the netwofost unicast flows with reliability properties adopt similar
The congestion phenomenon consists of queuing problemsteghniques.
the routers, resultmin packet loss because new arrivals are As regards multicast, achieving reliability is much harder
discarded because of a lack of resources; these discartiean unicast. There are two main approaches to detecting lo
packets may consequently result in transmission of contraid initiating the process of retransmission, recedased or
packets and ultimately the retransmission of data packegourcebased. A careful analysis between both approadad$ [
clogging up the network with addition@ackets. It is the has demonstrated that the receibased approach is better
responsibility of the data protocols to detect the packet logban the senddsased approach on two accounts, it scales better
thereby reducing their transmission rate. as the number of receivers increase and has greater throughput.
The TCP congestion control algorithm, which adopts rapiihdependently of the approach taken concerning retransmission,
rate reduction on packet loss and slow rate increase in e multicast transmission model raises significant challenges
absence opacket loss, is used as the reference for congestithmt affect the scalability of a protocol:
control mechanisms. Although simple and elegant, a ddfdeedback implosion The problem of scale between
connection using this congestion control mechanism relies orsendetbased and receirased is clearly evident in how the
packet loss is detected. In the case of sehdsed positive

7.3 Protocols
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acknowledgementACKSs) are used, which leads quickly to adopt in VE systems, except for the transmission of geometry
an architectural bottleneck on the source asnilmaber of and other static resources. Another approach is proposed by
receivers increase. Consequently, the source can be led t8@GMCCR0g, which is based on the work of PGM, adding
position where significant acknowledgement processing widlupport for congestion control. The method is based on the
be detrimental to the other processes in the system. Anotlsetection of a group representative that will establish a logical
drawback is the fact that the source needs to keep track oflalk with the source using a similar windevased congestion

the receivers within the group, which breaks a core desigontrol mechanism to TCP. Thus, contrary to most popular
premise of multicast. The ACK implosion makesreliable multicast, the group representative will provide
sendeibased approach unfeasible for VEs. Althouglpositive acknowledgenms that will improve the response time

receiverbased approaches usinggative acknowledgements of the sender to loss. The group representative is selected as the

(NAKSs) suffer less from the feedback impios, there is the receiver with the worst throughput and constant monitoring
cost of a small delay that is incurred until the source is awaa#lows subsequent changes to this selection to reflect the
of the loss of data. To further ameliorate the feedbadurrent network state.
implosion, there are two main techniques adopted in A well-known reliable multicast framework is the SRM,
receiverbased reliable multicast. The first is NAKwhich was initially aimed to support shared whiteboard
suppression98, 182 and the second is NAK aggregationapplications. It is based on a NAK feedback mechanism with
[216, 208. With NAK suppression, each receiver waits audimentary local receiver based recovery. However, the
random amount of time before multicasting the NAKrecovery mechanism is based on scopiviych makes it prone
Receiving an equivalent NAK from another receiver wilto unnecessary packet processing by receivers. The DIVE
make the receiver suppress its own. With NAK aggtieg, system adopted the implementation of SRM to support the
each node in the multicast routing tree aggregates the NAggup communication, but there were problems in the
received before sending the result towards the source. TCP-friendly behavior and since then a custom derivation has
1 Retransmission The source receives feedback from deen develped 183
receiver that a packet is missing. The response may be eitfiet.7. Other protocols
the unicast transms®on of the packet to the receiver or theBeyond the transport layer, other protocols belong to the
multicast retransmission to the group. Each approach hasatplication and are embedded with semantic connotation
benefits and costs. However, rather than having a gloadsociated with the data being transmitted, such as the
recovery policy, it might be convenient and more efficient tikealTime Protocol that aims to support continuous rich @medi
delegate the recovery mechanisnother network elements streams, such as audio and video.
[160, such as routers and the receivers themselves. ThisOne of the most weknown protocols associated typically
approach is denominated as local recovery, where a netwavith VEs is the Distributed Intertiee Simulation (DIS)
element retransmits a data packet if the local cache can satgfgtocol The aim of the protocol is to support the distribution
the request. There are two variants to local reppvOne of reattime state across multiple hesparticipating in a VE.
distributes the server workload amongst other servers withetween hosts, there is a flow of data and the minimal unit of
the network that have the sole purpose of caching dalata being transmitted is designated as a Protocol Data Unit
packets and retransmitting them when necessary. THeDU)s, and there are a total of 27 different PDU. However,
Log-Based Reliable Multicast (LBRM)1Q is a clear most DIS compliant systems rely on 4 PDUs:igntFire,
example of servebased loal recovery. The other approachDetonation and Collision.
distributes the workload with the receivers themselves, such
as the case of Scalable Reliable Multicast (SRM9§].[
Although the server option has the potential to be more Vil SCALE
efficient if co-located with the links that exhildiss, the static The core principle of any scale mechanism is rooted in the

deployment seriously compromises its effectiveness as thgsapility to leverage the perceptual limitations of the human
network is highly volatile and there may be changes in igsing and their cognitive models, thus minimizing what is
loss characteristic2B7]. In the case that processing can bgeeded to convey an immersivepexience of a shared alternate
delegated to the network for the purpose of reliable masti  reajity. In the real world, a person is aware and interacts with
the Pratical General Multicast (PGM$ a viable solution for only a small portion of the environment at any given time. The
a single source with multiple receivers, where dataand NAKS s y ndari es of awareness ar e
are stored at the routers for the purpose of retransmission gfgkations. but this is complemestd by the inherent mental
feedback aggregation. However, PGM is not constrained Ryoqels that provide a contextual experience for the person.
the reed for network support, allowing for incremental There are multiple forms of scale mechanisms (ie: receiver
deployment. _ _ _ network interest that | imits
An important dimension to any protocol is theyatfic to only what is necessary to ensypeesence and
TCP-riendliness, thus supporting —congestion  controbo.presence), each affecting different properties of the VE
mechanisms. In the networking community7h 269, the  gystem. However, the different mechanisms share significant
concept of multiple multicast groups sdeen proposed to overlap and operate over similar data structures, implying an
handle flow and congestion control. However, the approach jnecessary expenditure of resources. The rest of thisrsecti

most appropriate for streaming sources of nontie® content. 4qqresses different mechanisms that contribute to the overall
This constraint, coupled with the fact of the increased cost Qéalability of a VE system, namely the network, visual

signaling between the multiple groups makesnteasible to
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Forwarding

rendering, content management, and level of detail. « Naming re Mapping e,

8.1 Network Scale
: Entity 1
Flow 1
> Comm 1 Host 1
Flow 2 z

Entity 2
/ Commn Host n
Flow n

According to the special reportl§ from the First Joint
EC/NSF Advaiced Research Workshop, massive scalability is
one of the major research issues for VEs. Although much has
been achieved in VE research, the maximum threshold of
simultaneous users is a few hundred at most. Online game:
have surpassed the research threshold currently support a
few thousand simultaneous users, but this is achieved at th&
expense of significant investments in provisioning for the
necessary Computationa| and network resources and is not &[%7 Framework describing the d)_/nar_nics between the elements that are part
to an intelligent linear scalable mechanism. of the application flows
8.1.1. Samping Even though every application is differenhere are four
The illusion of a shared experience amongst multiplgistinctive elements:
participants requires the corresponding hosts to exchange dantity . An Entity represents any object within the VE that has
across the network. However, the simplistic approach to extendn interest in either sending or receiving data to/from other
DOOM to work across a LAN clearly demonstrates that entities.
network subsystemday a crucial role in the scale of a VE. Inq Flow. A Flow is a virtual data channel that provides a means
the particular case of DOOM, each keystroke of a host wasf communication betwen different entities. Each Flow has
communicated to all the other participants, quickly saturating aspecific properties, thereby providing varying Quality Of
LAN, leading to a congestion collapse. Service (QoS). The communication model of a Flow is
The only approach to counter the flooding of de&ao  generic and may accommodate peepeer, client/server,
reduce the amount of data. The most common adoptedistributed or any hybrid combination.
mechanism is the sampling of the data stream, which consistg/@fomm, A Comm represents the network connection being
devising a model that allows for sending less data and thajised that establishes the liaison with the underlying network.
calculates the missing data. In the case of the DIS, the deaglyamples of a Comm are the various Berkeley sockets
reckoning mehanism uses a physical model of Brownian (ynjcast UDP, Multicast UDP, TCP).

motion to represent the likely position of entities. Each host hgsyost. A Host represents where an application runs along with
a model for every remote entity, calculating the state at eachy| or a reduced set of entities from the environment
instance, which is based on velocity, orientation andgyatapase.

acceleration. Although thers no need for transmission of data, The relationships between the various elements may be
the state of an entity may change based on user input, Whlﬁi{egorized into three tiers:

means that the corresponding models held by remote hosts #faming. This makes up the Application layer and is
invalidated. To counter the problem of state deviation, everyagnansible for interconnecting it to the Transport layer. A
host keeps a model representingitiogin state. This allows for namespace is associated with the application datamodel, so

the host to detect when a state deviation occurs between t)’l\aat the entities are mapped to the appropriate Flows.

tahctugll gtatt_e, based ccj)n use[jlllteraf:tlodn, and :Ee T\ofdel'tfh apping. This is responsible for mapping the data flows to
€ deviation exceed a predetermined error threshold, then afy . eryork resources available, taking into account the

update of the correct data is distributeall the remote hosts to associated cost to tisgstem
synchronize the respective model. To avoid the delay that m }forwarding. This corresponds to the actual distribution of

exacerbate the error of the deviation, a sampling rate She data across the network. This process does implicit

established for the transmission of the correct state. - ,
. ; : filtering of the network so that only the relevant hosts receive
The problem with sampling is the trad&# between d

o . Oata. In the case of multicast, some host filtering may be
transmitting data to ensure the correct model and impact cause . o : ; :
o . -~ necessarysince 100% receiver interest across all hosts is
by state deviation. The latter causes a teleporting effect, which,.-- X .
; : ) o difficult, if not unfeasible.
may disconcert the user if their cognitive model cannot
assimilate the correction. Thus a few methods exist to counter
the telgorting effect by smoothing the difference between the
modelled state and the updated correct state, su@igs [ ) FocaleA
8.1.2. Receiver Interest Management Locale) Locale B /.
An important scale mechanism is to manage receiver interest ta g
ensure that each receiver receives only the ¢z it is Static Spatial Partitioning Locales Auras
interested in. Those receivers with similar interest are . o | . P
aggregated together into the same group communication. This . CrE o
approach maximizes the efficiency of the data transmission. In ‘
[152], a model is presented describing how receiver interest is . 0
considered in the management of group communication. An Publisher

. . . . Dynamic Spatial Partitioning Subscriber/Publisher Regions
adaptation of the model is illustrated in Fig.7. Fig. 8. Different Area Of Interest Management (AOIM) techniques

Entity ...

Transport Network
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Research in Area Of Interest Management (AOIM) has yielded The 227 proposes a solution based on the three tiered
multiple solutions, of which the most common cae bframework that supports geometry transmission based on the
aggregated into five different categories as illustrated in Fig. 8emand of the client hosts, with graceful degradation and
The static partitioning of the VE, as idq9, relies on the smoothing of oscillation. The data transmission can be
spatial division of the environment into fixed sized cells, wherenproved by adopting a scheduler whicteogtes according to
each one has associated a multicast group. An entityntisns a policy, such as the Priority Round Robin (PRE)H or the

and receives to the cell in which they are located. To ease thek-ahead policy 0f189.

transitioning between cells, the entity registers to listen to t £3 Visibility Cullin
cells neighbouring their own. The underlying principle of™” ISttty ©ulling

dynamic spatial partitioning is the same as the static spatigtie complexity of a database containing the VE, either part of
partitioning. The partitioning is done when the capacitit or all of it, may be overwhelming for the rendering pipeline.
threshold of a cell is exceeded, thus prompting the subdivisi@omplex scenes are highly desirable, but not at the cost of
into smaller cells. rendering at notinteractive frame rates with low quality

In the Diamond Park experiment using the SPLINE systebecause the database traversal takes too long going through all
[33], the notion of locales was introduced. The VE ishe objects. However, when looking through a camera in the
segmated into norregular regions denominated as locales. Ineal world, no all objects are visible, thus the database
addition to a multicast group, each locale can have associateghsversal can benefit from additional information concerning
with it a unique coordinate system thus producing interestingsibility to reduce the final set of polygons given to the next
effects as a user navigates/teleports between regions. stage of the pipeline.

A different approah is taken with Model Architecture and The usual approach to visibility is decomposed into two
System for Spatial Interaction in VEs (MASSIVE)[Z, using stages, the preprocessing and the culling. The former is done
the spatial awareness model. The simplest implementatioffline and builds structures to provide visibility based on
approach is to adopt a client/server architecture, where a sersgatial information, whilst the latter uses that information to
oversees all the auras from #lle entities and when an auraexclude objects from the set of objects to be passed along to the
intersects the nimbus of another entity, the server indicates3D Pdygon processing. The culling operation is composed of
both entities to share the same communication group. the following three forms:

With the subscriber/publisher region approach, an entity thaf] View-frustum. If an object is totally outside the view
is a source of updates publishes a regiondtiedr entities may frustum then it may be automatically discarded:;
listen to, provided their subscribing region intersects theqBackface All the polygons belonging to a visible object

published region. The data distributidtvB of the High Level that are not en by the user may be excluded from the

Architecture (HLA) P21] adopts the subscriber/publisher  rendering process;

region model. f Occlusion Objects and/or polygons within the view

8.2 Content Management frusltuclrn dthat are occluded by others in the foreground are
excluded;

The total number of emivers affects the Scalabi”ty of the VE. Both the viewfrustum and backface Cu"ing are the easiest
Another dimension to consider, which affects scale, is the Siﬁﬂ'ms to Supportcomp|ex VEs with acceptab|e interactive

of the database Supporting the VE. The size of the databas%ﬁdering 90] This first is achieved by pursuing a coarse
governed by the number of entities and the correspondig@proach to polygon culling that is based on the careful spatial
geometric detail of each etti The aim is to support large organization of the VE. The Binary Space Partitioning (BSP)
dat abases that exceed the cREyRi§ iatsimpl® kffedtifeappachCor kegdnting thé 0 s
thus it is necessary to have mechanisms supporting dynarpiimensional space into hierarchical regions using n
content management. The mechanisms are based ordi@ensional hyperplanes. As the result is a set ofsgimns, it
threetiered framework, which consists of tl”m!IIbWIng three is feasible to perform set Operatioﬂgﬂ_ The Supporting data

operations: . o o structure to store the BSP is a binary treere each node
fCompression To maximize the data transmission, theorresponds to a region containing a hyperplane that divides the
geometry is compressed, space into two subegi ons correspondi ng

1 Pre-fetch. A selection mechanism governs the-fetehing  children. A node without a hyperplane is a fiivisible space
of entities according to the particular interest of a user. Thhd is termed a cell. IM8d, an algorithm is preserdethat
selection shares functional slarities with the Area Of projects a BSP tree in object space into a BSP tree in screen
Interest (AOI); space, thus facilitating the process of ordering and culling. The
fCache The cache allows for optimization of theBSP was hailed as the great innovation in the gaming industry
pre-fetching operation by avoiding data transmission fromwith the release of Quake, which allowed more sophisticated
the server, if the entity resides in the cache. The operation\Es at interactive frame rates. Backface culling is yet more
the cache should not rely on traditionahewal policies and simple to implement, and is used to ascertain whether a surface
adopt more intelligent policies that take into account us@oints toward (and thus might be visible) or away from the user.
cognition. A further approach exploits the occlusion between objects
The geometry transmission normally exploits the advantagasd pdygons. Such an approach is more sophisticated than the
of multi-resolution mesheslB7, 232 to allow progressive previous visibility mechanisms (backface culling and view
transmission of datdlR0, 51]. frustum culling), which implies the methods are more
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computationally intensive. Therefore, best results are achiev@dl Level of Detail (LOD)

n hlghly' occluded VI.ES' Acoarsg classmf:atlon used t.OThe concept of Level Of Detail (LOD) has existed since the
characterise the occlusion of VEs is to consider them as either

sparse or dense. In the case of densely occluded environmei%?t%em'On of the f'6|.d qf computer graph|atf91. I.t exploits the
d \%han perceptual limitations when explayitheir surrounding

such as interior architectural spaces, numerous methods rev: IV nmentindependently of the complexity of an obiect. the
around the approach of partitiogirof the environment into further away it is Flzrom theyviewpoint tﬁe srr¥a||er it isziSL;aIIy
cells and linking portals 134 The cells are polyhedral perceived. The process of rendering the VE onto a display

volumes of space, whilst the portals are -gimensional vice reinforces the perceptual limitations due to fimte
polygons connecting cells together forming an adjacency graﬁﬁ. b P

The initial concept was not aimed at the optimizatiof esolution. As a result, an object that is located beyond a

complex scene rendering, but addressed the global visibility ﬁ)r?mcmar qllstance threghold in ObJ.ECt space may correspond 1o
single pixel of the display device being used. The use of

its entirety, thus a depth first traversal of the whole adjacen Ynpler represatations mav not be detrimental to the perceived
graph would be made. Although the same principles can B P P . may : . - Per
quality of the visualization, but will provide significant

applied to occlusion culling, the aim is to identify efficientlyim rovements to the performance and use of computational
those polygons that are not visible and thereby avoid submittings . pe . P
resources. Ultimately, this contributes to the support of more

geometry to the rendering pipeling] proposed combining the . . :
concept of Potential Visible Set (PVS) where associated wi omplex environments at imactive framerates. It ha_s been
emonstrated 229 that people are more forgiving of

each cell is the list of visible neighbouring cells. The egradation of visual quality, but far less tolerant to temporal

computaton of the PVS is usually done offline and it is basegela s that result from having detailed complex geometric
on a conservative overestimate of what is visibtenservative ano d)éls 9 P 9

visibility [8, 259. The method then relies on some raste . .
technique such as thektiffer to ensure correct rendering. The The concept of LOD is not restrictedgeometry, but can be

underlying priciple is that a PVS is substantially les applied to other aspects of the VE, such as physical simulation

computationally expensive than determining the absolu éq' In this case, when the object is close to the viewpoint, a

R : - féalistic physical model is used, whilst when the object is
visibility set and the total number of polygons is only negligibl ! S e
greater. This is evidenced i29d, where the concept o8] is )f)eyond a predetermined threshold, a simpliadulation is

extended with an analytt calculation of the exact PSV for used that is more concerned with behaviour rather than physical

each cell. To avoid the overhead entailed in the computationrgfrf‘l_“;én'o eration of LOD is broken down into two main
the PSV, 159 proposes a variant that allows for the PSV rocessez The first is the creation of the various LQBY| [
computation to take place in reiithe rather than offline by P )

using the coordinates of the portgiojected onto screen. As and th‘? second IS the selectlt_)n S”f"‘tegy to choc_)s_e the
the adjacent graph is traversed, the intersection of t propriate geometric representation whilst engaged within the

. X . : . LOD selection can be based on a range of different factors,
agg_regated portals is used. This approach makes 't.feaS'bI?most of which are based on physical infogr]mation such as size
Zigleer\i/:nctgeanr:jecseiﬁiirythgag)?npﬁtaetiotr? i:ugggg érr]]tt.em;i;“glestance and velocity: Without. doubt, distance !s probably the
runtime, it is feasible to visualize the effects of modifications answst common and.W|th effective results as evidenced in the
they take place. early flight simulations 285. However, the case of a scene

The Hierarchical Buffer (HZB) [116, 117 is an occlusion with a few highly complex objects at close range, the distance

mechanism that combines together an octree in object Spggéectlon mechanism may be ineffectual, having a detrimental

with a hierarchical buffer in screen spaceAlthough the IéﬂmgeI?/nm;r;ele;(ﬁ:)hrrfjt?onogiél?ﬁe;ﬁe?r?gre?gfguitt itshat
algorithm operates simultaneously in object and image spac S?ential to maintain a constant framera®89[ independently

i e

the lack of graphics hardware support enforces the sole use : . .
software rendering. This limitation is addressed by th%§ the _reallsr_n or com_plexny .Of the VE fro_m_a particular
Hierarchical Occlusion Map (HOM)2P5 method, which viewpoint. This constraint requirgs more sophisticated LOD

oy e . - selection process involving a scheduler that is responsible for
shares shilar principles to the HZB, but aims specifically aE:oosing the appropriate LOD of an object taking into account

exploiting the capabilities of graphics hardware. This i : . i
achieved by segregating the visibility assessment into le physical aspects along with the computational resources

overlap test and depth test. Therefore, the HOM contai
opacity information against hich the screen projected posslB Perceived
bounding box of an object is tested. If the box intersects an al QoS QoS

ﬁ\gailable.

that is not opaque, then the object cannot be culled. In the ot s 4 vy
cases, it means that there is an overlap and consequently a d v v

test is necessary to determih¢he object is hidden or not. To Network System

increase the performance of occlusion culling, there is tt “L (4‘
concept of using virtual occluderd47 and the concept of Desited B o
combining disjoint occluders into a single occludzsy. QoS QoS

The survey presented i#3] presents asxonomy and a more < Network Centric—)> €——System Centric=—yp>
extensive overview of the research topic concerning visibility

based on occlusion culling. Fig. 9. Framework describirthe dynamics between the elements that are part
of the application flows
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IX. QUALITY OFSERVICE continues bereft of QoS on a wide scale, meaning that

The main problem when considering Quality of Service (QO%nd-to-end QoS is not available from the perspective o

is that the term means different things to different types 2
people. However, for the purpose of thiappr, the diagram m
block of Fig. 9 aptly summarizes the perspective on QoS agg‘;

how the network, system and user relate to each other. scheduing and DropTail queue management. The lack of

Fig.9 presents a simple overview of QoS as two main ProCeR nediate commercial gain for network operators [Dav03] is
cycles. The first corresponds to the user and system dynami o an inhibiting factor. In fact, the current operational

where the user has certain expectations that define : -
thresholds of acceptable QoS as perceived by the usﬁfsponse of network operators towards the issues pertaining to

Naturally this depends significantly on the nature of th Stwork = QoS ~ continues  to eve around =~ the
rally _ dep Y Y Sver-provisioning of links to ensure a target service devoid of
application, since a textased mode does not have a user

: . -~ congestion 19]. Most operators apply some policy to decide
feedback loop as demanding #se one associated with when to ﬁncr%asne the provisioning across their enéire networ

) ! . k.
| mmersive 3D graphics, alt mS\Aye\ger, somé Fesellréh ®has® iRdicated Rhe % vgnEabeg S

similar. The second process cycle reflects the dynam.iﬁ%twork traffic monitoring and how the results aid in
between the system and network, where the system speci (5%§ermining how to overprovision the netwoflog

the necessary QoS t_o be supporte_d by th_e network aadnin The subsequent subsections give a very brief overview of
the network will provide what QoS is possible. K S h
The concept of QoS is not about improved performancseO me ne twor Qo approaches t
between different implementations of the same mechanisCurrent service model. However, a@sgued by 48, the
within a system or netF\)Nork since this ultimately amounts on fovisioning for network QOS must be inherent in the lowest
asy L ; . Y . yers, even if it is just a single bit, otherwise wide deployment
to an improvement of a singlerwice without consideration of I al b ised
the userds choices Qo S iSW|aV\1aysecon;§9rrrl1|§e.bl when there s
: ; rB3ErVatiGnProtocdl )

. . ) . 9 PTResdurcé
option between different services, each having an associaté he Resource reServation Protocol (RSVR[is a
cost and benefit.

Although not depicted in Fig.9, the system may have furth fotocol aimed at supporting QoS on the Internet by making

. . . ésource reservation along a particular path. The RSVP is
refinements concerning &@ process cycles, such as in the

A . common to both the hosts and the routers of the network. A
cases where the system relies on middleware fér

communication, thus having the possibility of middleware Qo articular characteristic of the protocol is the fact that the
' 9 P y equest for remurces corresponds to simplex data flows, from

[S]When considering the various QoS technologies ant e receiver to the source. The protocol allows dynamic
9 g odification of the current QoS along a particular path for a

mechamsms, It Is important to cons@er_ what the targebia path. All that is required is for the receiver to send a new
requweme_nts are. There_ are many specmcatlpns and PrOPOSABytrol message (RESV)plkacing the former parameters with
but none is considered ideal since compromises are necess

This is summarily embodied in the constant debate ovﬁr v ones. In the scenario where a receiver needs to connect to
. ar’y L . SEveral sources, RSVP supports resource sharing amongst the
processing - priority vy|th|n the system _concerning th‘i"‘lows originating from the different sources
networking and graphicsendering elements. The computer In [10] ag g{[tempt is made to associate éSVP i
tion

. . ith
graphics community argues Lhg hSed on DiStribdtedt intdr&ctivd Simufaton (1$).° ° ©
can only be assured by constant framerate, thus the renderj c@vever their approach does not consider one of the main

process should have the h|ghe_st priority, delegatn"_ng to tIgﬁaracteristics of a VE, which is the volatile nature of the
networking process the remainder of thempwotational

) ; eceiverds interest. Another p
resources. However, the networking community argues that t S Protocol Data Unit (PDU) are classified in terms of QoS
network should be given the highest priority to assure

consistency across all the hosts participating in the VE, and uirements, namely with regard to Entity State PDUs that,
) y . participating . ntrary to what is presented, do not require reliability because

since the amount of time necessary is quite small, there will @?the continuous nature of the PDUS

ample time to do the rendering. Unfortunately the scalability oRSVP may be questioned,

9.1 Network Centric when considering VEs with a large number of participants. The

stributed applications, such as VEs. The impediment is not
nly due to technology. There are sophisticated routing
chanisms readily available in commercial routers, but these
not used in deference to the default First In First Out (FIFO)

. every other host, meaning that for 100 users, the total
[13]. However, the taxonomgoes not determine how the QOSnumber of flovs in the network would be 99@Permutations

?a{ fk;etensu_red bi; Itr;]e Int)ernet. The.l”?j'tat'%ns of thg 100 elements organized in groups of two). Clearly this
este olr SSLV'ZCS mo eb _aved ee? recocl)tgmzded, an trr]nalnkap resents a significant amount of state at the routers, without
proposals£84, 29q are being developed to address the lac entioning tke traffic overhead generated to maintain the state

Q(')Asltﬁapaﬁlltlﬂes- have b H s f of each flow. In a VE, hosts are clustered together according to
oug ere have beenamy research proposals 1or ay, o ghareq interests, thereby saving network resources,

mcremental deployment of net_wo.rk QoS over the Internet afbwever this does not alleviate the problem of RSVP since the
the IETF is focused on achieving a solution, the Intern(ﬁl]:gh frequencyof ree i ver 6s interest may
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establishing a resource reservation per flow basis. AnotherShould the VEs be small scale with few participants,
problem is the overhead associated with the protocol, whichdsalogous to a videoconferendeis possible to benefit from
made wor se by isthte natpre, seguiringothe dhe allacatidntof differentiated servicez8p.

endhosts to continuouslefresh the state. DiffServ is more scalable than IntServ, but still requires

Recognising the problems associated with RSVP, othadditional complexity in the network, in particular at the edge
alternatives are being investigated such as YEt another Sessiouters. There is a need to establish Service Legetédment
Internet Reservations (YESSIR13g, which operates upon (SLA) between customers and service providers, and in the
RealTime Control Protocol (RTCP)2[L5. Although some case of dynamic SLA, a signaling protocol is required. There
improvenent in router processing is achieved, scalability issuese no QoS guarantees, but it is possible to have relative QoS
similar to those of RSVP continue to exist. Nevertheledsetween different aggregated flows.
interesting new concepts are introduced, such as parttall.4Quality of Service Routing
reservation, meaning that only particular areas of the netwofkaditionally, IP routing is based on the shortest path, normally
require the flow to h&e resources allocated to it, while othersdased on the number of hops. The purpose of QoS ro2d [
lapse into the besffort model. is to extend the metric used for routing with QoS parameters.
9.1.2Integrated Services Thus forwarding will be based on the QoS requirements of the
The goal of Integrated Services (IntSerd)][is to provide flow and the QoS assurances along a particular path. However,
endto-end QoS by enhancing the best effort service model witPoS routing requires additional complexity cost that may
another model that provides QoSagantees on per flow basis. surpass IntServ.

This is achieved by reserving in advance the necesszjé System Centric

resources in all the routers along a particular path between

source and a receiver. The base service continues to beThke obj ecti ve from the systemo
existing beseffort model, but this is enhancedtiwtwo service any di sruptions t o ,thixwkingmter 6 s
classes, guaranteed QoS servig27 and controlled load account the limited computational resources, there is a need to
service R79. The former is based on hard bound Qo$nake choices on how and where those resources are used. In
parameters, but the complexity involved makes its deploymenmiost VEs systems, these choices are established during the
unfeasible. The latter provides a beffort service model but design phase, thereby influencing the entire architecamd

as f the network was not shared with other flows. Howeveffunctionality. However, whenever those choices are dynamic
both are based on the premise that resource reservation isnd governed by parameters influenced by the user, then the
requirement for network QosS. system is considered to support QoS.

There are three main barriers to wide deployment of IntServ.There are a few proposals for QoS specification concerning
The complexity of the necessary mechanism makles tVEs, such as 173. These specifiations are not about
framework incompatible with the existing Internet andempowering the user with choice over the quality of the
incremental deployment is not feasible. The scalability of tey st emés capabilities, but mo
framework is severely compromised by the amount afecessary for the userds perce
additional state required to maintain a per flow basis. Finally, The few exceptions that already provide an actual QoS
the amount of overtaa traffic signaling is prohibitive. framework, or implementation of QoS mechanisms within a

In addition to the deployment barriers, it is not guarantegghrticular VE system, have a specific notion of what QoS
that the IntServ will work within a VE because of the volatilaneans. In some cases, QoS becomes a requirement that results
nature of the receiver 6s ifronhbaddesigh orudforteanatd choicetofrsystensarctiteciure. A € n
associated with resource reservatidhis is corroborated in the clear example is thease of the Distributed VE COllaboration
study of a military VE 50| Model (DVECOM) [B5, 56] where the notion of QoS relates
9.1.3Differentiated Services exclusively to quality of rendering to ensure the best user
The Differentiated Services (DiffServ) model was devised texperience according to their preferences. The system is based
address the concerns of scale of IntServ. The approach consigtsa ring architecture of serveisat are responsible for the
of categorizing the data traffic into severalssias, each with dissemination of events to ensure consistency and
distinctive QoS. Traffic classification is achieved by markingynchronization. However, the design introduces significant
each packet with the corresponding QoS class and this procdskys with the consistency mechanism, thereby leaving very
effectively aggregates flows together into Behavior Aggregaiitle time for the rendering cycle. As a result, thera iseed to
(BA). In addition, routers have Rétop Behavior (PHB introduce a mechanism to induce a graceful degradation by
profiles for each type of QoS class. These profiles indicate $electing what and how to render, based on the user profile. A
the router how to handle the packets belonging to each clasamore effective and efficient approach can be achieved with the

The DiffServ architecture makes a distinction between trgynamic LOD selection mechanisms, such as the market model
core routers and the edge routers of the network, pushifi29], or one based on a cost/benefit functit@4.
complexity bwards the edge. The core routers continue to beWith system QoS, there is the fundamental principle that
very simple, focusing on fast forwarding mechanisms, but nogach host is responsible for managing their own computational
taking into account the BA. The routers towards the edge musid network resources. With regards to the network, a greedy
perform traffic conditioning, assuring that the traffic forwardedpproach is taken, igniag the fact that there is a limitation to
to the core fitstte existing BA. Since the packet classificatiorthe resources that are available in the network infrastructure to
is based on the Type Of Service (TOS) field of the IP packetjdé shared amongst all the participating hosts. Even when
is possible to have incremental deployment of DiffServ. considering the architectural principals of network QoS, the
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concept is based on streamiagplications where there is adistribution model of a VE system:

single source that sends to either a single receiver (unicast) dk@lient/Server. The server can be a single machine, a cluster
small set of receivers (multicast). This approach is inadequatef machines or a hierarchical set of machines. The role of the
when considering the case of VEs where every user iserver is to manage the VE by determining the valid state of

simultaneously a receiver and a source. the database at any given instance of time. The client provides
A different approach is necessary, such as in the case dhe means for the user to experience the VE. This entails the
[113, where the QoS is done at two levels: processingof the user feedback, providing the user with

AGroup. There is a monitor responsible for reproducing the sensorial data and communicating with the server. The
interest of each participating host within the VE using the communication is bdirectional. The server sends to the
spatial awareness mod@(. The ggregated information is  client the current state of the world, including data concerning
passed on to the group QoS manager that distributes théhe other users. In turn, the cltesends to the server the data
resources available according to the various hosts. resulting from the user feedback. The main advantage of this

AHost. Based on the existing known sources, the local QoSarchitectural approach is its simplicity due to the central
manager selects the relevant data streams to receive data. Thature of the database, but this comes at the cost of creating a
sekction is done on the local spatial awareness model. bottleneck at the server and introcugidelays into the user

Although the concepts presented Il are of great interest feedback cycle. Overall, the approach does not scale to a large

due to the social potential associated with group QoSnumber of users and owprovisioning is not a sustainable

management, the prototype implementation only delivers asolution;

rudimentary form of layered wfticast, presented irlf5 and  ADistributed. In the distributed approach, the database of the

[265. Nonetheless, the approach is innovative when compare®/E is managed by all hosts of the fiepating users. This

to traditional groupware applications due to the integration of arequires each host to communicate all local events and data to

spatial awareness model to determine the group membershigll the other hosts to attain sufficient consistency to support a

Another shortcoming relates to thecfathat the QoS shared experience. One variant of the distributed architecture

architecture was used only to control the data streamss for each host to maintain a connectimn every other

pertaining to the audio/video communication, whilst participating host. However, this approach does not scale with
disregarding the other data communication that exists within a very low threshold. The best approach is to support some

VE. form of group communication where a host does not have the

burden of having any information concerning the other
participating hosts. In all forms of distributed architecture,
X.  SYSTEMINTFRASTRUCTURE there is more complexity to ensure the distributed consistency
of the VE database.

The distributed and client/server are extremes of the

architecture spectrum with many variations-bigtween.

10.1Global Infrastructure Independent of the system architecture, to support the
otﬁgrsistency necessary for cyberspace, servers are needed to deal

)){wth user management and for persistent storage of the VE.

This section describes additional impottamaracteristics to
consider for the infrastructure supporting a VE system.

The support of cyberspace implies the existence of a gl
infrastructure providing both wired and wireless connectivit
The only likely candidate, irrgective of all its shortcomings 10.3 System Evolution

due to its beseffort delivery model, is the Internet. The widest ) )
deployed application that leverages the connectivity of thE€ complexity of the problem domain leads to the
evelopment ofcomplex VE systems. As a result, it is

Internet is the WWW, which is confined to the two dimension k i
of the associated page paradigmstipport the transition to 3D N€cessary to consider the system architectdes] [as the

cyberspace, it is necessary to establish standards that ené{ﬂ%erlying structured  blueprint identifying the various

functionality and operation regardless of the underlyin§ements of the system, along with their roles, dependencies
technology. The most prominent initiative is the ISO standaf'd interactions.

VRML [291], and its successor X329q. Therefore, it is A careful analysis offifferent systems, such as BrickNet
possible to have a VE on the WWW provided the necess 4, DIVE [122, 106, NPSNET [L11, 179, MASSIVE [112,

browser or plugn is installed, the Uniform Resource Locator NG [110, SPLINE ], PARADISE [213, VLNET [53,54,

(URL) of the VRML resource is correct and the format of th¢/RJuggler P1], and VHD++ P0Q demonstratqs hOV.V the
data file is valid. development of VE systems has evolved over time, et

The navigation of a VRML world is a lonelygerience as more sophisticated and taking into regard other software

the standard only supports the content, relegating to particufgf@!ity attributes 141 - (reliability, - efficiency, usability,
instantiations of the browser if and how the technolog{f@intainability, portability, reusability and processiturity)
supports multiple simultaneous participants. However, VRM[2ther than just addressing the initial application goals

(and X3D) are a first and necessary step to attaining a glofnctiondity).

infrastructure of supporting cyberspace that includes the third ' N€ initial systems were monolithic with unclear boundaries
dimension. delineating parts of the systems that dealt with specific

o functionality, denoting the lack of a walefined system
10.2Distribution Model architecture as illustrated in (i) of Fig. 10. However, these

There are essentially two extreme approaches concerning Wét?ms. & u_suaIIy t|ghtl_y coupled to. .form a very specnjc
application without any aim of reusability other than possible
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code scavenging. To improve the development of VE systems it overhead;

became necessary to define and build the system architecture i€omposition. In this case, the system allows for the
the underlying blaprint. A first architectural approach was to  composition of components or software artefacts. This is
delegate into a separate layer all the system functionality achieved by establishing welkfined interfaces that allow
coupled with the application, thus forming three layers as for structural composition;

depicted in (ii) of Fig. 10. This was closely followed by the §Scripting. A system may adopt an existing scripting

internal partitioning of theavgrall system functionality intc_) language or develop its own scripting engine, which may be
smaller subsystems, eqch with pgrtu_:_glar rc_)Ies (ie: graphics, elementary or sophisticated with control structures similar
network, audio, etc) as illustrated in (iii) of Fig. 10. to programming languages. Scrigli may take place at

different levels, at the application level we have the
example of the DIVE systeni (] that utilizes behavioural
scripting using tcl/tdk 252 or the Component OrieNted

Application Application Application Application

1 ) Threedimensional Interactive Graphical Application
! B reieh: Ef:,’,;’c',f,?,fts (CONTIGRA) system [71] which has a component model
Structured i based on XML schema, in particular X3D. However, at the
b | | - Sl . d- other extreme are the initialisation scripts as in the case of
i W s the Bamboo systen283. The main advantage of scripting
Architecture is the increased productivity, but at tbest of a language

being interpreted, resulting in performance inefficiency.

9 Reflection. This approach is the most dynamic where the
interfaces of the components are discovered attinoe.
This is achieved by establishing beforehand the

Fig.10. The evolution of virtual environment systems. (i) Monolithic systems.  INtrospection medmisms that allow a component (or an

(ii) Layered system (iii) Structured systems. (iv) Static component systems. (v) Object) to be queried so another software artefact may

Dynamic component systems connect and interface with it. The high level of abstraction

The structured system architecture introduced internal Provides the maximum flexibility but the main
flexibility, but traditionally there would be tight coupling ~ Shortcomings are the associated computational cost and th
between all the different subsystems making nemiance a integrity problems that may emerge.

task that would be easily prone to design errors arg 5Monitoring

implementation mistakes, which degrades the overall software o ) _

quality of the system. Consequently, it would be necessary/fomaJOf contribution of the ylrtual Reality T_ransp_ort I_Drotocol
periodically perform extensive refactoring over the entir€/RTP) [35 framework is the clear identification of
system, whichin turn increases the potential of outdating th&nonitoring as essential system functionality. This capability
previous applications. Whilst objeotiented methodology Provides the system with tmecessary data to setigulate and
assisted in structuring VE systems, it was through the conc@$tapt at runtime to changes in either the network or the
of components and services that the issue of coupling we@Mputational resources. _
adequately addressed, dsstrated by the component/service Some of the existing systems possess rudimentary
architecture in the block diagram (iv) in Fig. 10. Howevernonitoring capabilities, such as in the case of collision
these systems need to be defined at compile time. A fégtection and feedback coritrmechanisms (used in either
systems have pushed the boundaries to allow the definition\d§ibility or streaming geometry, for example). However, the
components/services at Hime, and this § conceptually data generat_ed is ta|lored_ sp_ecmcally to a particular part of the
illustrated by the diagram (v) of Fig. 10. The dynamidystem. This clearly indicates an overlap of similar
component/services systems are in principle more open dt@ctionality throughout different parts dfe system. _
extensible than their static counterparts due to the lack ofThe potential of monitoring can and should be exploited

constraints on the types of components/services that a syste@yond the scope of feedback control loops, as in the case of
may have. dynamic reconfiguration of the system itself, by changing its

} ) codebase in an evolutionary manner.
10.4 Configuration

An important aspect that affects the reusability and the
longevity of a VE system is its configuration capability at XI.~ ANALYSIS DOMAIN MODEL

runtime. Associated with configuration is the capability of theThe owerview domain analysis carried out throughout this
system to support rapiorototyping, which is exempléd by paper provides the necessary understanding to elaborate a
the powerful scripting capabilities of the ALICE syste88][ domain reference model, which provides insight to the issues to

based on Pythor2D4]. consider when designing and developing VE systems. The
There are many configuration approaches, each with thegsulting Analysis Domain Miel (ADM) is represented by the
advantages and disadvantages, such as: block diagram of Fig.11.

1 Parameterisation The system exposes parameters that canAll the issues have been covered in different sections of the
be changedat runtime. This is the least flexible of the paper, but where relevant some additional information is
methods, but also the one with lowest computationgrovided to clarify particular decisions on the aggregation or
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inclusion of a dgical block in the diagram. consider a flexible means of communication and this

The focus of any VE system is the user and providing them implies an event model (irrespective oétharticular
with an immersive experience where they are present within a instantiation or approach adopted).
VE and potentially cgoresent with others. Therefore, the ADM ARendering. This block may have one or more rendering
clearly singles out the user in the diagranmownteracts with pipelines depending on the devices used to output
the alternate reality sustained by the VE system via the proxy of  sensorial data at the targeted human senses by the VE
an Avatar supported by devicessydteamat capture the userds in
provide sensorial output. ADistribution Model. An alternate realityat be shared

amongst multiple participants requires an underlying
Apphcation distribution model to ensure that the database is

distributed across all participating hosts according to a
particular consistency policy. The distribution model

Virtual Environment System

_ Processes could be integrated within ¢h System Infrastructure
veen [ Seripting  Environment Policies block, but this would confine the design space to VE
[ ] Input | o Viual Collision Detection scale systems supporting multiple participants and would
—» ) Concurrency Agents potentially raise code hematomas resulting from the
Output | Simulation Others... multiple associated implementation dilemmas .

ASystem Core The system corkas two main parts to it,
the data and the processes. The former consists of the
OB e’ | protocats data representing the alternate reality, including the
(QoS) . . .
avatar representing the user, whilst the latter consists of

all the generic VE operations that are not application
m depeadent, such as collision detection, scale,
Monitoring Security Configuration Management H 11

concurrency, environment policies, concurrency,

simulation, amongst many others.

Low Lovel APIs ANetworking. This layer provides the network support
for data communication, and thus covers the protocols
used and the quality oésvice.

ALow-Level APIs. This layer corresponds to all the libraries
The reménder of the ADM is decomposed into three that have minimal semantic connotations, such as OpenGL
d[stinctive Iayers: for graphics
AApplication. This layer encompasses all the components and
resources that are tightly coupled to the scoped subdomain
associated with a particular VE system. XIl.  CONCLUSION
AVE System This layer of the ADM deomposes a VE
system into five functional blocks:

ASystem Infrastructure. This layer provides the
common base functionality that should exist in any V
system, which are as follows:

V Monitoring . Any system intent on adapting to its
computational environmentaking into account its
internal status and external events, requir

L : . - dditional detail.
monitoring. The analysis, using heuristics of , L
selfawareness mechanisms, allows the VE system Although the field of VEs has made significant progress

to adopt the appropriate policies to maximise irsince the inception of SIMNETLP9 in 1983, it has not been

utility to the user as an individual andgthin a group possible to d_evise a single uniqge system th_at is at_)le_ thysall
V Confiquration. In modular. flexible and extensik;le the user requirements of all application domains. This is a result
systegms the éim is 1o supﬁ)ort fime modifiability of the inability to simultaneously address the entire problem
As a res,ult configuration becomes a base fun.ctio(f‘jlomaIn of VEs, which has many conflicting requirements.
that affects everything within a VE system, from the The traditional approach in the developr_nent process of VE
system components to the isting of beh:;wiours systemshas been to scope the complexity of the problem
wxi/thin a VE P 9 domain from a tomlown perspective, focusing on specific
V Securit Thé issue of security must be embedded i pplication domains. Naturally this leads to different solutions,
the infrya.structure of the systgmus making it more ut there is significant overlap of functionality that could be

il o creument 1 ecurty polcy s adoptea /2055 [ Ul wouis oo e sl o e
V Resource Management Everything within a VE Y Y P

. : : .. with the development process. As pointed out in [CS97], these
system is a remurce, irrespective of whether it / .
. concerns are not always reported in the research literature, but
consists of code or content.

: .. _are tacitly accepted by systemevelopers from the VE
V Event Model. Taking the approach of designing . ) o2
everything in a VE as a resource, it is necessary gemmunity and remain a difficult research challenge [IAO06].

Vision

Fig.11.Analysis Domain Model for shared virtual environment systems

This paper gave a broad exposition of the multidisciplinary
aspects involved in developing a VE system awbided
I._Eocusing on specific aspects regarding the design and
development of such systems. In the discourse of each topic,
different VE systems were mentioned, demonstrating the wide
variety of solutionsThe networking topic received some more
e%ttentiorrs.ince it is usually neglected or misunderstood, thus the
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The result of the paper is the ADM presented in Fig.1117]
where all the issues covered in the paper are included and
considered. The presented block configuration of Figgldnie [18]
of many possibilities depending on the aggregation criteria of
the subdomains considered. In the particular instance of the
proposed ADM, the block configuration resulted in five logic
blocks: System Core, Networking, System Infrastructure, 1l
Rendenng, and Distribution Model.

[20]
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