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ABSTRACT

A magjor problemwith the current generation of shared 3D virtual
reality gane-like environnents on tk Internet is that update of the
virtual environment during aatar movement often lags
consderably behind the sene which the avatarlsser perceives
The result is an unsatishg, artificial experience, in which the
user nust halt avatar wverent until the new scenelowly
assembles before the avatardasounds pick up, or allow the
avatarto continuemoving and risk bumping into objects that are
revealed later when the view fuldgsenbles.This ppe desaibes

an algorithm for optimizing environmental update based on a
caching strategyfor prefetching environental dataaround a
stationary avatar and a tatigical model predicting avatar
movement that is usefdr deternining when and where taast
updating the environmental data whbe avatar starts moving.
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1. INTRODUCTION

The currengeneration of shared virtual realignvironnents and
massively multiplayer on-line role-playng ganes (MMORPGS)
on the Internet depend on a central server féaonmeintain the
virtual reality environnent shared bymultiple users. Theusers
interact within the environnent through avatars which are
renderedalongwith the shared environment on the useeshote
hosts.One major problemwith suchvirtual reality environnents
is that the update on a userhachine of the sharedlirtual
graphics environment often lag®nsiderablybehindthe actual
movenent of the usr'savatar. Thigs particularlya problem when
the avatar isnoving quickly, such aswhen it isflying or isin a
vehicle. The resulting visuaxperience isinstifying. The usr
is forced to eithertsp avatar ravenent while the newlyrevealed

avatarsand an algorithmfor deternining when andwhere to
update during avatar ewerent. The caching strategy uses
information about the avatarmaximum potentialmovement
velocity when it begins moving and the maximum extehthe
virtual environnent it can see to calculate a prefetched region in
which environnental data iscached on the cliergide to avoid
networkaccess for environemtal data during the initial phase of
avatar novenent. When the avatar doestart moving, an
algorithmbased on a statistical model calkelalman filter [1] is
used in order to predict wheradwhenthe avatar will outrun the
prefetched data, and therethen toschedulecacheupdate.The
Kalmanfilter has been widelysed in autowtic control for nany
years; nost notably it was incorporated into th@avigation
system of the Apollo command module for navigatitm the
moon, and it is also used quitevidely in computer graphics
applications[2]. The algorithmsdescribed in this paper operate
independentlyffrom the server andan be implemented strictiyn
the client, though its possibleo optimize certain operations with
server support.

In the next sectionwe briefly formulate the problem posed by
avatar noverrent. Section 3 derivesan eimate of the ize for a
cached area that would avoid having to updtte virtual
environmentas soon as the awat starts moving. Section 4,
discusseausing a Kalman filter to predict avatar avenent. In
Section 5, we deasibe how to emate thetime and placewhere
anavatarwill overrun the cached area, providing an indication for
where and when totart prefetching environental data forthe
avatars eventual arrivalandhow to microschedule updates of the
graphical environment to minimize the consequences when
subsequent movement lihe avasr invalidatesthe prediction.
Section 6 brieflyexaninespreviouswork on the problem. Finally
Section 7 concludes thgaperwith some suggestions for future
work.

scene in front of the avatar assembles or continue moving whiley PROBLEM STATEMENT

risking having the avatar bump intobjects whichare only
revealed once thesne hasully asembled.

In this paper, we describan algorithm for optimizing virtual
environnent update based on aaching strategy for stationary
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At any point in time, there are two disshapedportionsof the
virtual environmententered on a stationary avatar within which
the avatar can potentialfyerceive vigal and aural event$§Ve call
the limiting circles for the® diss the visial and aural event
horizonsfor the avatar. In a 3irtual environmentthe event
horizons extend in the vertical direction, but for simplified
presentation, we can neglect thetioal direction without los®f
generality Note that the abilityof the avatar to perceive events
within the eventhorizon is onlypotential. Visual objects beyd a
certain point within the visual event horizon may be blockgd
nearer objects (high buildingsrees, or landscape) and sounds
from a source beynd a certain point within thaural event
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horizon may be blocked by an intervening object. Also, at any experienceof avatar novenent is expected to be reasably

point in time, the avatar can only ee visial eventsthat are
positioned in a pie shaped slice witlii;® angle of view in front of
it, the avatas visual field of view (FoV), though aural events
originating from the entire disc are perceptible unless blocked.

As shown in Figure 1, thaural event horizon is pjycally nearer
than the visual event horizon, for an avatar that has tleme
sensorycapabilities as personl1This corresponds to the fact that
the radiusof heard eventss consderably less than that of sen
events Since the visal event horizon covera larger area and
maintaining the visual scenepigally involvesconsiderablymore
computational update, we confingther discussion to the visual
event horizon, though all the calculaticaysply to the auralevent

realistic?

(ri, Pi)

horizon too. In Figure 1, we designate the radius of the stationary

avatar'svisual event horizon ag and the angle subtendbg the
avatar's~oV as20.

20

Visual Event Horizon Aural Event Hotizon

Figure 1: Avatar Event Horizons

Avatarscanmoveby a varietyof means depending on the virtual
environment;walking, flying, or riding in a vehicle are a few
exanples At any particular tine, the avatar idikely to havea
particular maximum velocity V.., at which it can move
depending on the contrivances #afale. One strategyo avoid
havingto update the virtual emdnment over the network as soon
as the avatar starts moving ispgrefetch enough data outside the
avatar'seventhorizon so that itsevent horizon can bar®othly
moved without anyneed for netwrk updateover some period of
time while the avatar is wving at its naximum velocity. This
cached data will occupgn annular disc having the evémrizon
as its inner boundargnd the extended event horizon asoitser
boundary Figure 2 illustrates. The radius of thatended event
horizon is shown as, in the figure. A higher, corresponds to a
larger cache size, and converselihe point of intersectionin
polar co-ordinatebetweenthe avatars movement vector and the

extendecdevent horizon is(rl.,¢l.). Our problemcan be twted as
follows: What is a lower bound estimate gbuch that the u's

1'In some MMORPGs avatarscan use fictional advanced
technologyor magic to enhance their sensargpabilities; these
enhancements need b acounted for when calculating the
event horizon.
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Figure 2: Extended Event Horizon

3. ESTIMATING THE EXTENDED EVENT
HORIZON RADIUS

The time required to update the tdawithin the extended event
horizon depends on factors that are independenheofvatar's
movenent. Although objectlookup on the server and caching on
the client are likely to require sora time, the bottleneck in
obtaining the data is ost likely to be the tire requiredto
transporthe data fronthe server to the client, which we designate
asty. This time can be estiated in the following way

Suppose the current network throughputT;;s, in bytes per

second. The amount of data reqdite be downloaded is the data
density D, in bytes per square meter of the local environment,
timesthe aread, in squaremetersof the annular disc between the
eventhorizon and the extended event horizon. The amount of
time (in seconds) required to upd#te extended event horizon is:

T, and Dcan be etimated bythe client.7, is constantlychanging
depending on network conditions, butisteasyenoughfor the
client to nonitor by keeping tack of its networkperformance.
The client can e@snate D by keeping track of how mangytes
were downloaded to create theeme within the evenforizon.
This assures that data densitis somewhat uniform, and thata
guess about average data densiyll suffice for general
prediction purposes. Another way estimate data densitjs to



annotate the environmentabjectswith their size. This would

allow the server to provide an exact estimate of the amount of

downloaded data needed to doust a particularcene.

The only quantity on the right hand side of 1) that needs to be

deternined is4. From the georetry in FHgure 2, the areaf the
annular disc between the extended evwsrizon and theevent
horizon is thedifference betweenthe area within the extended
event horizon and the event horizon:

A= AEEH - AEH 2)

Using the formulafor the area of a circle and the value$ the
radii for the extended event horizon and the eW@nizonresults
in the following:

2 2
A=nrS —7r,

3
Substituting 3) into 1) results in:
(r? —r?)aD
ty =————"— 4)
T,

We can estimate théme until theavatar's event horizon intersects
the extended evenhorizon as follows. If the avatar'smaximum
available speed of movemeit V,,, then the time until the
avatar'sevent horizon inteects the extended evenhorizon is
minimally :

max 5)

In order to naintain the cachethe time until the avatar's event
horizon intersects the extended evéntizon, ¢; in Equation 5,
must be at least as long as thedimecessarto download the data
betweenthe event horizon and the extended event horizonf ¢
the download tira is greater, thethe avatarwill experience a lag

in the appearance of the envirommb. Since an avatar can choose

to move in anydirection, the data ust be cachedfor the entire
annular disk between the event horizon adended event
horizon. Thus, byequating equationd) and 5), we can obtain an
upper bound for «

Equating 4) and 5) results in the following upper bound for

’;S’;JFV c

max

6)

where the networlkand environmetal parameters are gathered
into ¢:
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c=" 7)

Note that asV,, and ¢ increag, the value of-, given by 6)
approaches,. Intuitively, this means that a larger rourndp time

to theserver,amore data dense environment, and a potential for a

fastermoving avatarwill result in a smaller maintainable cached
region.

In some ca®s the valuef thee paramtersmay cau® the size
of the estimated precached region to beasmallenoughthat the
avatar outruns the extended ewvénorizon shortlyafter it begins

moving. If that occurs, there are a couple of qualitative strategies

that can be undertakemithin the virtual environment in order to
avoid having the avatar outrun the precached region:

1) Reduction ofV,,,, by disallowing fastmovement modesuch
asflying or by increaing the restance to rovement, sich
asoncomingwaves in water ohead wind in air. In general
there maybe limitationson how closely movement velocity
can be controlled because avatasy fmavea built-in "right"
to a particular movement velibg given their current seif
capabilities and the ability of those capabilities to interact
with the fixed virtual environment surrounding the avatar.

2) Reduction of, decreaisg the sationaryavatar'erceptual
event horizon. &r exanple, the visal event horizon can be
reduced bycausng the local weather to change and beeom
hazier, ultinatelyin the linit perhaps a driving rain storm
The aural event horizon can be reducectigting more
background noise, wind, traffic noise, etc. Of course, any
change in visual or aural properties applied to one avatar
must be applied to all within the sartocal area of the virtual
environment, since the virtbanvironnent isshared, ®
those avatarsvith user machinesnot experiencing reduction
of the cached region size will also be affected.

In many ca®s an avatar @y be noving fas becaus the local
environnent doer't hold her attention mch, or becawsshe is
headed to a particular arem the forner cag, certain
enticementgan be offered to ehuser, sch asthe chance for
communication or “remote” action — ahyng that is related to
utility points in the gamiworld. In the latter case, predictive
knowledge of the destination area can provide directional
guidance to the prefetching algorittior the cache, iglding nmuch
better performance.

4. PREDICTION OF AVATAR
MOVEMENT

Once the avatartarts moving, theeventhorizon movesout into
the dig of cached environental data and the clieqgrogram
begins rendering this data fwovide the avatar with anm®oth
view as novenent proceeds. At soepoint,the eventhorizonwill
intersectthe extendedevent horizon and the client will run out of
cacheddatato render. The client ust begin caching uficiently
prior to this event such that enviroemtal data within the avatar's
FoV will be available when the intersection of the evamizon



and theextendedevent horizon occurs. A predictor technique is . XX+,
used to estimte where and whethe intersection event will take =77 a1z
place, based on the avatar's current position, veloehd (xi+y 12) 12)
acceleration.

While the avatar is moving, changes in direction and velocity If
made bythe ugr asthe avatar travees the virtual world causthe
avatars movement behavior to be much like that of a maneuvering
aircraft. We use a Kalran filter for a maneuveringvehicle[3] to

FEV o the state transition arix F is:

edimate the avatarigosition, velocity and acceleration. 1 Af A_t2 00 O 0
The statevariables for the Kalan filter are the position, velocity 2
and acceleration in the x and y directi@atgime ¢, and the data 0 1 Af 00 O 0
density D. The state variable vector at tietep & assuming the
discretization time intervah;is: 0 1 0 0 O 0
F= At?
— . .. . .. 0 0 O 1 At T 0
X :('xk’xk’xk’yk’yk Vi ’Dk) 8) 2
00 O 01 A 0
. . . 0 0 O 0 0 1 0
To edimate the value ab,, we jus use the valuembservedattime
Dy.;. The other estiates follow fran the Kalnman filter estinator 00 O 00 O 1 13)
for a maneuvering vehicle [3]except in thica®, we asume that L B o
the avataris always maneuvering, Bice the usr can alway  andif ; >y the state transition atrix is:
choose to vangthe velocityto investigatesomething,etc. When
the avatar'sadial velocityreached,,,., the acceleration becasn
zero, becawes’V,,,, is the linit. This is expessed asa change itthe AL?
Kalman filter state transition arix when the radial velocity 1 A 2 00 O 0
exceedyd, .
01 A OO0 O 0
4.1 Kalman Predictor 00 0O OO0 O O
The discrete Kalman filter predictor at tirastepk is given bythe F = NG
following vector equation: 00 0 1A > 0
00 O 01 At 0
% = Fip g + Gy 9 00 0 00 0
T T
P,=FP_F"+GOG 10) 00 O 00 O 1 1)
Where F is the statdransitionmatrix, G is the input distribution ~ 1he value foiG is:
matrix, P; is the covariance drix at timestepk, and Qis the
covariance matrix of the process noise. _A 5 -
. . . ) t
w, is the random input vector having the following structure: T 0 0
At
w, = (w W, W ) - 0 0
k 11 "2 7V3 11) 2
1 0 0
Values for Fare derived from the equations of motion ahd G= At?
constraint on maximum radial velocity 0 _4 0
The radialvelocity can be calculated frorhe velocities in the x At
and ydirections bydifferentiatng the equation for converting to 0 =0
radial co-ordinatesy: = (xiz +yl_2)1/2. This results in: 2
0 1
0 1] 15)
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4.2 Kalman Corrector When L2ty the client program should start downloading data for

The updated value of the covariance matrix and statmble  the pie-shaped section corresponding to the agafaV/ from
vector can be calculated ledson measirenentsof the avatar's ~ Figure 2 at pointr;, ¢;) on the extended event horizon boundary
postion, velocity, and acceleration and on the data dgnssng If #; < ty, then corplete caching of the avataesivironnent in the
the Kalman filter update equations. Unlike the case for pnew defination bythe time the avatareacheghe extended event
measirenentsof a meneuvering aircraft, the valuder all three  horizion is not possible, but sendata nay bestill be useful. The

movenent date variablesan be reasired becausthe nmovenent client and server may also watat modify the pararaters ofthe

is being generated within the client side program. avatars environment, inorder to reduce the avatarspeed, or
The Kalman gain ratrix X at timestepk is calculated as: reduce rs, as described in Sentill above, so that the movement
5 time nore clogly matchesthe dowloadtime. Such changes in

K, = PkHT (HPkHT +R) environmental parameters mapt be possible if there are rany

16) avatars in the region, since any changid be visible to all

H is the (7 x 7) identitymatrix because we assenthat we can  avatars
meagire all sate variablesthe position, velocity acceleration, ) ) .
and data densityandR is the (7 x 7) matrix of measurement noise 5./ Microscheduling of Extended Event Horizon Update

covariance. Update of the extended event horizcam be microscheduledso
Using the Kalman gain matrix, the updated state variable vector that areas which the avatarikely to move into are updated first.
and updated covariance matrix are calculated: Figure 3 illustrates. If the avatar isoming at an angle when the
avatar'sevent horizon inteextsthe extended event horizon, then
X, =X +K,(Z, - H%,) the update process should proceed to uppterentiallyin the
P = (I—K H)P direction of angular movement. As shown in Figure 3 by the gray
k k k 17) arrows, update should sweep forward along vector of travel and

outwardfrom the vectorof travel, ® that thog objectscloeg to
the vector of travel are the firdo be downloaded to the client,
where x; and P are the correctedtate variable vector and the while those peripheral to the vector of trasetdownloadedater.
corrected co-varianceatix, / is the (7 x 7) identitynatrix, and ~ The numbered checkerboardpattern in the figure indicates
z is the vector of ste variable masirements scheduling of objects for downloadj. In the figure, foubbjects
along the vector of travel have alreasen downloaded.
An initial value of the co-varianceatmnix P, is required. Since the
statistics of the mvemnent process are initiallynot known, we
assume that the co-variance matrix is diagonal (i.e. there are no
cross-correlationsin the noise) and that the valuesf the variance
for the noise on the diagonal is a vesmall value, ¢
Alternatively, if statistics have bedgeptfor this user in the past, a
prior co-variance rtrix can be ued.

5. ESTIMATING THE INTERSECTION
EVENT

With the predictor in hand, the tarand place ofhe intersction
between the avatarevent horizon and the extended eventizon
can now be calculated. Aime k, the predictor is run forward
using the current co-varianceatrix andstatevariablevectoruntil
the value of the radial dance fromthe garting point,r;, exceeds
r. (derivedfrom 6). On each step, the position estten nust be
converted to polar co-ordinates:

2)]/2

= (xi2+yi

@ = arctan(y’}
X.

i

18) Figure 3: Microscheduling of Extended Event Horizon Update

Then, r; must be conpared with»,.. The eSmated time of 6. PREVIOUSWORK

intersection then is just: In general, there does not seem to rhach publishedwork
specifically on optimzing graphical update for virtual reality
environments, though performancensiderations mustertainly

f; =iAt 19) play a role in developing production-qualitymultiplayer
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massively parallel on-line gams and shared virtual reality the local environmentdisplay for dynamically moving objects.
environments. There are lirts on how effective purelyphysicsbasd tracking
models such as thkalman filter can be. For exapte, it would
not work for tracking fine movements such as gestuiasal
expresions etc. for avatarsthat are nearhybut it might be
esufficient for tracking other avatars that areowing toward the
user's avatar from a digance, and for vehiclesand other
nonanimate objects that naturatiipeyphysics movement laws.

Ogawa,Tsukanoto, and Nigio [5] desribe a ystemwherebythe
server dividesthe virtual pace upinto subgpacesand repeatedly
broadcasts environmental datact@nts over a broadcast channel.
The server waits for a short period after broadcasting on
subspace update before broadcastthe next. Anavatar that
arrivesat the boundarpf a subspace just as the server petes
broadcasting the latest updateighwait until the updatéor the
next sibpace arrivesThey de<ribe two €hedulingstrategiesto
reducethe average waiting tien for avatarsmoving from one 8. REFERENCES
subspace to another. One strategpimizes waiting tine for an [1] "Kalman Filter", Wikipedia,

avatar moving forward in the rdiction of the streaming update, http://en.wikipedia.org/wiki/Kalran_filter

the other minimizes waiting timegardlesof when the update is [2] Welch, G., and Bishop, G., HAIntroduction to the Kalman
expected to arrive. Filter" SIGGRAPH 2001, Course 8,

Okandaand Blair [6] provide ahigh level review of various http://www.cs.unc.edu/~traek/media/pdf/SIGGRAPH2001_
shared virtual realitgystens. Ttey describe a varietgf methods CoursePack_08.pdf

for updating the avatar'environment, including cloning objects [3] Ramachandra, K.V., Kal@nFiltering Techniques for Radar
when an avatar gets withincertain distance and dead reckoning Tracking, Marcel Dekker, Inc., 2000.

for calculating movement of other objects. None of nfethods ~ [4] http://www.secondlife.com
mentioned seem to involve staiisl predictors for movement, [5] Ogawa, T., Tekanoto, M., and Ni&io, S, "Virtual Space
however. Broadcasting based on the Speed of Avatar Movement",
Proceedings of Internet and Multedia §stens and
Applications, Grindelwald, Switzerland, 2005
[6] Okanda, P., and Blair, G, "Alysis of Techniques used in

7. CONCLUSIONSAND SUGGESTIONS Distributed Virtual Environmets,” Computing Department,
FOR FURTHER RESEARCH Lancaster Universityinternal Report MPG-02-01

We anticipate that a pure clienide approachwhile useful for [7] Li, X. R, and Jilkov, V., "A Surverpf Manuevering Target
generating estimates, magquirechangesn actual practice. d¢ Tracking-Part Ill: Measureart Models", Proceedings of
exanple, any modifications made to the cached envirommtal SPIE Conference on Signal and Data Processing of Small
dataon the serverneedto be propagated to the client prior to the Targets, San Diego, CA, JuIg001

renderingof the cache. \hile modificationsfrom other avatars
and dyamic movements such as wind moving tress, are
likely to be well-handledby the client-server protocol, since they
can al® occur within the avata event horizonmodifications
that involve larger changes -cuassomeone suddenlylopping a
building down while the avataris moving towards an area - may
require additional server side support.

An importantarea of further workis to validate the movesnt
modeland caching algorithrto s2e whether thefold in an actual
shared virtual realitenvironnent. We are planning to instruent

the client program for Second Lifé] to test our algorithm. This
should reveal how useful environment update caching is in
practice.

The Kalman filter noverrent model presented above entirely in
Cartesian co-ordinates, with angle conversion made to polen-
ordinates for themaximum velodty constraint. A rore natural
model keepsthe neasirenents in polar co-ordinatesbut the
reallting Kalman predictors becoem somewhat conplicated
becaus the covariance atrix corrector and thestate variable
corrector must accountfor coupling between the x and go-
ordinate updates due to thenverson from polar to Cartesian co-
ordinates.Thereare a variety of ways the Kalnan filter can be
modified to reflect thischange, which are ed in radartracking
[7].

Finally, the sara tracking approach using Kalman filter that is
described here could be usesh the client sideto track
movements for objects in the enviroant, sich asotheravatars
This could reduce the amount ddta traffic required foupdating
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