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Abstract

.ld~~ces in networkg tetiology and the mtabkhtnent
of the Morrnation Superhighway have rendered the virtnd
Xbrary a concrete possibfi~. ?iTeze currently investigating
user &\Terience in _ through a large virtual environ-
ment in the contti% of bternet. This provid~ users with
the abiity to view t+ous virtual objects from tirent &
t anca and angles, using common web browsers. To dtiver a
good petiorrnance for such applications, we need to addr~s
Several issues in Merent resemch discipbes.

F&t., we must be able to modd virtual objects tiec-
tivdy. The recently devdoped techniques for mdti-~olution
object modting in computer graphics are of great Aue
here, since they are capable of sintp~g the object mod-
& and therefore reducing the time to render them. Secon&
tith the Eted bandwidth constraint of the btemet, we
need to reduce the response time by reducing the amount of
data requwted over the network One dtemative is to cache
object mod& of high -w. Prefetching object mod~ by
predicting those which ~e &dy to be used in the near fn-
ture and dotioading them in advance wiU lead to a Mar
improvement. Third, the bt.ernet often tiers from discon-
nection. A caching mechanism hat dews objects to be
cached n?th at least the-mminimum resolution m be we~
to provide at least a coarse x<ew of the objects to a discon-
nected >tiewerfor improved ~hd perception. k this paper,
m propose a multi-T~*oZutionaching m~hrmtim wd invG
tigate its tiectiveness in supporthg virtud w~u~ ap-
FEcations in the ktemet. environment. The caching mecha-
nism is further complemented with severs object prefetching
m echanLms for predicting future acc~ed objects. The per-
formance of our proposed me~ and their feasibfities
are qnsmtXed via s“mtdat.ed ~Terirnents.

I introduti”on

Recmt &tab-at of the ~trorld \Kde J5kb &truc-
tme [2] has brought about a revolution change to the
orghation and pr=entation of information. The technol-
OD has ~owed mtiti-media information to be ac~ed on
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be in a user-friendy manner across geographical bound-
aries. Of the numerous emerging mtdti-media applications,
we en~lon a partictdar End of apphcation, the virtual wW-
through apphcation [25], to be of interest.

k a virtual *through application, a user, with access
to the htemet, cotdd -Tlore a specific place of interest
without having b travel physicdy. The place of intermt
*be modded as a virtual world, containing a vast number
of virtual objects. Sample applications of this sort include
virtual museum, virtual fibrary, virtual university, etc. [25].

bploying a stmdard chent-server artiltecture, infor-
mation of virtual objects, including their locations, sbes,
orientations, and shapw, ti be maintained in a central
database server. men a viewer (user) W* through a vir-
tual world information of the virtual objects located within
a Wlble distance from the viewer wiU be conveyed to the
cfient machiie of the viewer. The information ti then be
proc~ed md rendered into images to be viewed by the
viewer. Peripheral devices such as head-mount displays or
conventional color monitors could be employed to view the
rendered images. As the viewer moves tithm the virtu~
world, the relative locations and orientations of the vir-
tual objects may dange with respect to the position of the
viewer. Such changes of information shotid be reflected
into the rendered images in a timely f~hion. h general,
the virtual objects cotdd be dynamic as we~, changing their
locations and orientations within the virtual environment-
However, in thw paper, we only focus on a virtual environ-
ment where virtual objects are static. The ultimate god

is to provide a good performance of the application, both
in terms of rwponsiven=s md resolution, under the tist-
ing constraints of relatively low btemet bmdwidth and the
large memory demand of virtual objecti.

IVe ~ addressing several issues in th~ research. First,
virtual objeck must be modeled in a compact form. Thw
can reduce not ordy the amount of storage space needed,
but *O the time required to transfer the objects from the
server to a &ent under the scare btemet bandwidth. A
compact mod~g of virturd objects *O has the benefit of
fast retried from secondary storage, both at the server and
at a Went. However, over-compact mode~ig of virtual ob-
jects fl increase the overhead in compressing and decom-
pressing the objects. A mechanism that can reduce both
the storage space and transmission overhe~ but yet pro-
vide a reasonable comprwing md decompressing efficiency
is required. The recently developed multi-resolution object
mod~g tetilques in computer graphics [17, 21] cotdd be
employed here. The techniques tiow progressive transnti~
sion of objeck with only miniid overheads. I
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Secon& with the tilted b~dwidth of the hternet, we
need to reduce the amount of data requested over the net-
v’ork for faster response tim~ This can be achieved by both
caching and prefetching mechanisms. A caching mechanism
Wows a ~ent to u~e its memory and Iocd storage to
cde currently ~Klble objects that are ~dy to be \tilble
in the nem future [13]. A prefet &g mechanism Wows a
cfient. to predict objects that WN Ndy be ~tilble in the fu-
ture and obtain the objects in ad~ace. A good caching
mechanism shodd retain objects with high ~ty whale a
good prefetching mechanism shotid predict those objects
wMIchfl most. Mdy be used.

Third, the btemet often stiw. born tious degrees of
disconnection. The Iocd storage cache of a tient can be
used to provide partial information to support a certain de-
gree of &sconnected operation. For example, a viewer may
SW be able to see a cow~e resolution of objects in the virtual
world if the miniid approfiated mod~ of the objects are
ca&ed. Even if ody the coordinates of the virtual objects
are cached, a viewer codd st~ be aware of the existence of
the objects in the virtual world

h this paper, we propose a storage caching and prefet&-
ing mech- that. ~ows virtual objeck from a remote
database server to be cached in atient’s Iocd storage at var-
ious resolutions. IiTe term our mechanism, multi-resolution
caching m~hanh~ and attempt to quantify the perfor-
mmce via titiated &\Teriments. The rest of the paper
is o~anired as fo~ows. Section 2 presents a survey on rde-
vant rssem~ Section 3 presents m overview of our method
and contrasts the differences of our approach with previous
ones. b Section 4, we present our mdti-resolution modbg
tetique. Section 5 presents the mtiti-resolution ctimg
and prefetching mechanism. ti Section 6, we present and
discuss the performance of our mechanism via sevd s-m-
tiated &\Teriments. Findy, we conclude our paper with a
discussion on posssble future work

2 Related Work

h a fient-server database enviromnent, to combat the net-
work transmission latency, a rntiti-levd caching mechanism
codd be estab~ched by caching database objects from the
server in a Vent’s local memory and/or Iocd storage. A
storage cache Ao has an advantage of persistence. When
disconnected from the server, a Went can st~ operate on
fie database objects a}dable in its Iocd storage.

b a conventional Went-server database environment, data
objects are usndy transferred from the database server to
a &ent on a per-page basis [4, 12, 13]. This is primdy be-
cause the server’s storage is *O page-based The overhed
for transmitting one item or a page is Mar. h gened,
a pagebased mechanism requires a high degree of Iocrdity
among the it=~ within each page to be effetilx~ [10].

h a virtual *through environment, virtual objects
are represented using o~j~t modek and are nsn~y very
compl~s and large in stie, occupying possibly mtitiple data
p~g=- De overhead required to transfer an object modd
(or .tiply object) in its entire@ via the n-w bandwidth
hternet is very high. Furthermore, we might not always
need to render an object at its ~ resolution (see Section 5).
Thereforq there ~ be situations that we need to trmfer
1= th~ a page of tirmation and there *O ~ts situa-
tions that we need to transfer more than a page of informa-
tion. A more dynamic gramdarity for caching is needed in
this virtual n~through environment.

To sirnp~ the artiltectures, most existing virtual w~-
through systems are reification-based approach [1, 3, 5, 14,
15, 2S]. The geometry database is fit transferred to the
ctient mtine (or the chent site where a high speed network
connects the c~ent and the local geometry database server).
h an btemet environment, this approach is possible ody if
either the she of the geometry database is smd or the ctient
can provide unbounded disk stirage and wait for a possibly
very long pre-loading time, However, a more rerdistic situa-
tion is that the avtiable storage for cachiig and the avti-
able pre-loading time are ~iited [26]. A different approach
to database rep~cation by transmitting the object models
on demand to the cfients during the *through [23, 29] is
a better dtemative in this Internet environment. h [34], a
sti~ approach is adopted by transmitting program codes
for constructing the object models at the cEent. These ap-
proaches shorten the pre-loading time.

2.1 MuIti-Resolution Modeling

k a virtual *through application, rendering a complex
object at a chent is expensive. We notice that from the
perspective of a viewer in the virtual world, distmt objects
occupy smder screen areas than nearby objects after pro-
jection. Most of the detti of distant objects are actudy
not *lble to the viewer. Hence, it is only necessary to
represent an object at the resolution just high enough for
the given viewing distance. This cotid reduce the transmi~
sion dday and the storage required to hold the objects in a
chent’s local storage. Thii could *o reduce the rendering
overhead. To opttie both the tramission delay and the
rendering performance, we employ mdti-resolution model-
ing techniques here to study the effect of caching objects
in a chent at various degrees of grantiarity. In brief, our
mtiti-resolution mechanism caches rmd prefetches a nearby
object at a higher resolution and a distant object at a lower
one.

There are many methods developed for generating mdti-
resolution modek [9, 18, 30, 35]. However, most of them
focus on the accuracy of the simp~ication, and hence, me
slow. A popular method to overcome the performance hm-
itation is cded the discrete multi-raolution method. ThE
method pre-generates a few key modds of an object at dif-
ferent resolutions. During run-time, the object’s distance
horn the viewer determines which model to use fir render-
tig [8]. Mthough th= method is fast and simple, it has tw
major ~itations. Fret, when the object’s distance horn
the viewer crosses the threshold distance, there is a sudden
change in model resolution md an objectionable visual dis-
continuity effect can be observed. In [35], Turk proposes
to have a transition period during which a smooth interp~
Iation between the two successive modek is performed to
produce mod~ of intermediate resolutions. ThE method,
however, further incre=es the computationrd cost during the
transition period because of the need to process two mod-
eh at the same time. Second, because dl the key models
are independent of each other, the over~ amount of infor-
mation needed to represent a partitiar object is increased
and is dependent on the total number of key models used
b a distributed environment, th~ W increase the network
trtic and hence reduce the availab~lty of objects.

A method referred to m progressive meshm was recently
proposed for progressive transmission of mtiti-resolution ob-
ject mod& [17]. The method assumes that the object is
composed of triangles, which is comrnody used for repre-
senting 3D objects. It is based on two operators, tige col-

172



——-.—-— ——.-— —-—— ._.”- :>”-:

lapse for reducing modd resolution, and edge split for in-
creasing modd resolution. Each object is modded as an or-
dered kt. The kt begins with a minimal resolution modd
of the object, *O represented in the hrm of a triangle
rnodd Each subsequent record in the ~t. stores informa-
tion of an edge spfit. The structure of a progressive mesh
is shown in Figure 1. H we apply the information stored in
each of the records to the object in order, the object fl
~7adutiy incre=e in resolution unti it redes the mau-
mum rmolution, when W the records in the &t are apphed

I tingk model RI & --- 1%1 Rrr

L A J
Y ?

base mesh po~tie r-s
F!ame 1: The structure of a progressive m~h

To cr&ate the Kct, the method begins with the highest
resolution modd of the object. A triangle edge located in
a locdy fit region is sdecte~ and co~apsed inti a single
point. Such a coUapse fl r~t in the remod of two trian-
gles born the modd The information rdated to this single
edge co~apse is pa~ed in a single record ~d placed at the
end of the fist. This edge co~apsing operation is continued
=d the corresponding records are inserted in the kt in a
re~.erseorder untfl the modd is reduced to its minimal res~
lution. This minimal resolution modd is then added to the
beginning of the &t to form the complete ht. This kt is r~
fzrred to as the progrdve m- and the minimal resolution
modd k referred to m the base mesk Each of the records in
the simpEEcation K<t is bowm as a pm~essive record We
ha%.erecently de}doped a tiar method [19, 21].

Q.Z Replacement and Pre%tching Techniques

b 111], ~-sons cache replacement po~cies have been pm
posed and their snitabiities in a conventional database sys
tern have been es~ed Th~e pohci~ are ~ pag~based,
due to the logical mapping made by the database or oper-
ating system to the physical storage. k gend, the per-
fon~ce of tidividud replacement poficies is sensitive h
the characteristics of queries initiated and the application
environment. A general conclusion on the performance of
the replacement. pohcies cannot be mad~ b practice, the
replacement po~cy is often approximated by the le=t B
cently Wed (LRu) poficy in conventional caching [4, 13, 33].
b 131],it Ta shown that LRu poEcy is not appropriate in a
contc~? where tie objects accessed by a &ent might change
o>”ertime. Rather, the semantics of data accws is more
important in dtig the replacement poticy. ~tre, there-
fore, need to devdop a more appropriate replacement po~cy
b=ed on the s~atiG of accesses in a -hrough envi-
ronment. It. was *<o noticed in [6] that prefetching cotid
be ~.erybeneficial in improving the performmce of database

aPP~catio~ ~ fie prhtching is performed intfigently.

3 Metiod Overview

b our waa%hrough zppEcation within the hternet environ-
ment, each ~~u~ object, o, is stored in the database server
at its ma&um resolution, k, in the form of a progrs
sive me~ Siice the mdti-rmolution method we m-e here
is based on edge couapse, the m~urn resolution % of o
k actu~y r&ect-mg a count of the total number of edg~
which C= be co~apsed from its maximum resolution. Each
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object ti *O have a base mwh at its miniium resolu-
tion, m. We say that the base m--h RO of o represents o
at r~olution level O, denoted as LO, which ha a due of
O. Ea& progr-sive record d increase the resolution level
by one. Therefore, the matium resol~tion & represents o
at the Mgh=t r~olution, denoted as Zo, when dl progrm-
sive records are appEed and ~0 is the number of progressive
records.

Each object and viewer is defined with a swpe. We de-
note the viewer scope for viewer, V, by OV and the object
scope for object, o, by O.. Intuitively, an object scope of an
object defi~ the ~ea within which the object dl be vi%
ible. It is rougMy proportion~ to it sise. The viewer scope
defiw the depth of sight of the viewer. A viewer can see an
object ody when the viewer scope intersects with the object
scope. The gord is to eYiate the effect of sudden appear-
ance of large objects and to reduce unnecessary overhead for
tr~mitting and rendering smd objects.

The interaction between a viewer and the virtual world
is frustrated in Flgnre 2. In addition to the viewer scope,
each viewer, V, is *O associated with a tiem.ng directio~
tiv, and a location, 10CV. The viewing direction defies the
be of sight of the viewer. Given the location of a viewer, d
virtual objects whose object scopes intersect with the viewer
scope fl be considered for rendering. We refer to these
objects as rendemble objects. The viewing region dehes the
viewing angle of the viewer and is a sub-space of the viewer
scope. N renderable objects within the viewing region are
=lble ti the viewer if they are not obscured by another
object. We refer to these objects as w.sible objects.

%~

tieni~r~fon objm S~pe
m:a

‘:’,.,::,
.: “. ,,,,:,y,,,.::;.

,,,:,,.
y,:,,.,’

:.fp:”

tiwr ●
oqed

vimer qe

Figure 2: Organization of the virtual world.

U the two scopes overlap, we need to determine the ap-
propriate r=olution of the object for rendering. We note
that the rdationshlp between the rendered resolution of an
object and the perceived image qutity (m.sual pemeption)
of the object by the viewer is not ~iear. We denote such
a rdationship in Figure 3. As shown in the diagram, each
object ti be rendered at least at its minimum resolution
when it is rendered using its base mwh ody. Further notice
that each object is &o associated with an optimal Resolu-
tion. H the object is rendered at a resolution higher than its
optimal resolution, the additionrd detaib dl not be eastiy
noticeable h the viewer. Rendering an object higher thm
its optimal resolution is therefore a waste of resources. By
contrast, if the object is rendered at a resolution lower than
this optimal resolution, the visurd perception experienced
by a viewer drops rapidy. It is therefore, preferable to ren-
der an object at its optimal resolution in order to stfie
a bkce between rendering efficiency and visurd percep-
tion. This optimal resolution of an object is defied as a
percentage of the its m-urn resolution, i.e., the number
of progressive records, and is determined” according to the

I
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object distance from the viewer and the m@ dist snce of
the object from the viewer’s vietig direction, i.e., be of
sight (see Section 4). We denote the optimal resolution of
an object, u, by ZO and the corresponding resolution levd
by L..

zem
rewlmian minimal o@m ~m reso!~ion

reso~on rssoltion rwo!m-on

Name 3: The effect of modd resolution on visnd perception
of a object on the viewer.

During the wfithrough, we continuously determine those
objects in the virtual environment Those scopes overlap with
the ~tiewerscope, i.e., the renderable objects. For each of
those objects, the object modd at its optimal resolution
fl be transmitted to the &ent if it is not &ady cached
in the local storage When transmitting the mod~ born
the server to a tient, those for objects within the viewing
Tegion are tr~mitted tit, &Uowed by the tr~lon
of those outside the viewing Tegion. The received mod&
wi~ be cached in the dent’s loc~ storage. H there is not
enough cache stcrage, we nfi throw away some progr-ive
records of some object modek that are not ~ely accessed
in the ne~ future in order to accommodate the new mod-
*, i.~, we try to decrease the ~olution of some &ting
cached objects. The ident%cation of victim objects is based
on the-mprobabtities of being viewed at higher r~olution
in the future, T2ther than adopting the conventionrd LRU
scheme (see Section 5).

We &o attempt to further improve the ptirrnance of
the waathrough app~cation by having tie server to prefet&
objects which n% most probably be accessed in the near fn-
ture to the &ent. Given the ~ent location and viewing
direction of a viewer, the database server predicts the n~x%
location and viewing direction of the viewer bxed on hisfher
past movement profle. hIod& of objec~ whose scopw over-
lap with the viewer scope at the predicted location fl be
tramitted at their optirnd r~olutions to the &ent as weu.

The advantages of OUTmethod can be summarized as
fouows

. In [29], &screte mdti-resolution method is used for
modd tr=cmission. Redundant information wfl have
to be sent through the network, when mdtiple mod-
* of the s-e object at Merent r~olutions need to
be tramitted Our method appfies We progressive
mesh technique for model transnu‘ssion. No redunkt
inforrn2tion needs to be sent across the network.

e The importance of an object is cdtiated based not
ody on the distance of the object from the viewer,
but &o on the size of the object concerned and the
resolution of the viewing device.

● Our Caching mechanism differs horn conventional cach-
ing mechanisms [4, 13, 33] in that objects could be
c2rAed at mdtiple degree of gramdarity. Replacement
is &o based on object acc~ patterns rather than
adopting the con~”entiond LRU scheme.

. We further improve the performance of the tikthrough
apphcation by predicting the future movement of the
viewer and prefetchiig objects in advance.

4 Multi-Resolution Modeling Technique

4.1 Object Scope

h order to render an image representing what the viewer is
supposed to see during a *through, the objects that are
=lble to the viewer at each fiarne need to be determined.
To minimize the number of objects needed to be handed,
it is proposed that the environment be divided into regions
in [14, 15]. Objects that me tilble to each of the regions
are precomputed The ~t of potentidy visible objec~ is
rea~y available during run-time by determining the region
that the viewer is located The Emitation of this method,
however, is that the computational cost of updating the Ests
during run-time can be high if the objects in the environ-
ment may fiedy move around.

A different approach is to consider the arm of intwest
(AOI) of the viewer [12, 24, 29]. If an object Mb inside
the AOI of the viewer, the object is considered visible to
the viewer. Otherwise, the object is considered too far to
be tilble. Mthough these methods cau quitiy ehminate
in~lble objects, they do not consider the sizes of the ob-
jects. Hence, a mountain located just outside the AOI of the
viewer may sti~ be vXlble to the viewer, but is considered
as in=lble, whale a tiny object such as a book located just
tilde the AOI of the viewer is unfikely to be visible to the
viewer, but is considered for visibihty. The former situation
may r=ult in a sudden appearance of a large object, and the
latter situation may result in a waste of processing time.

To overcome th~ Mltation, we genertize the AOI con-
cept to both viewers and objects. We cd them the viaer
swpe and the object swp~ The defition of the viewer scope
is SMST to the detition of the AOI. A viewer scope indi-
catw the depth of sight of the viewer, i.e., how far the viewer
can see. A viewer with a good eye-sight or equipped with
a speci~ device may be able to see objects that are further
away, and therefore may be assigned with a Imger scope. A
short-sighted viewer may ody be able to see nemby objects,
and theretire may be assigned with a smder scope. The
detition of the object scope is different. An object scope
indicatw how far the object cm be seen. A large object has
a larger scope and a sm~ object has a smder scope. An
object may be visible to a partitiar viewer only when its
scope overlaps with the viewer scope. When the two scopes
overlap, the dist mce between the object and the viewer, and
the mgle of the object from the viewer’s viewing direction
me used to determine the optimal resolution of the object.
Obviously, a viewer may *O be considered as an object
and assigned with an object scope in addition to the viewer
scope. Thw object scope of the viewer til defie how far
the viewer can be seen by another viewer within the same
virtual environment. Thw approach is somewhat sirniiar to
the one proposed by [16].

k general, the size of m rendered object born a view-
point might be significantly Werent from that for mother
viewpoint such as along pi~ar object. Hence, the size of the
scope for an object at Merent viewpoint might be different
as wW. However, definiig a scope at such a &e granular-
ity wotid restit in very high computation overhead when
identifying renderable objects. We, therefore, simphfy the
defiltion of a scope (viewer or object) to a cirtiar region
in our implementation. Each scope is centered at the center

174

—



-—

of ~a\5ty of the object or viewer, and is charactetied by a
radius. Iire denote the radius of the object scope for object
o, i.e., QO, as roe w~e the radius of the viewer scope for
viewer V, i.e., 017, as T~v.

4.2 The Optimal Resolution of an Object Model

The optirad resolution of m object modd can be d&ed
according to the visual impotiance of the object to a viewer.
b 122], =-e have ident%ed sevd factors that may tiect
the ~~ud importance of an object.. Here, we ody consider
@.w of those factors, which are rdevant to the conkx% here.
The fist. one is the distmce factor. If an object is far away
horn the viewer, the object may be considered as visn~y
less important.

The second faator is the he of sight.. Studies have shown
that when an object is located outside the be of sight, the
viewer is unable to perceive much detd of the object [27,
25]. Degradation of peripher~ visual det d can improve
rendering perform=ce and reduce perceptual impact. There
are mmy eye tracking systems a~dable for detecting he of
sight 120]. Site m~st of th~e systems are stfl too q ensive
for the general pubKc, some appEcations simply ~e that
the viewer’s ke of sight is dwa3s at the center of the screen.

Fxgure 4 depicts the visurd importance of a object, O,
to a viewer, V. h the figure, DO,V indicates the current
distance of the object from the viewer, w~e DO,V,-= is
the distance between the object md the viewer when their
scopes just overlap. Hereafter, we wfi consider in the con-
text of ~~ewerV and the subscript V C- be dropped if the
context is dear. Site a scope is defied = a aar region,
Da,~az is equa to the sum of the radii of the viewer scope
-ad the object scope. The an~ar distance of the object
born the viewer’s he of sight, i.e, its viewing direction, Dv,
is denoted as 6*,v or simply Oo (–z <90< m). The visual
importance of o, i.e., 10 to a viewer can be d&ed with the
fouowing formdz

– Do )2 ~–K01601, o < D. < Do,mz
10 = (~”r —

0 ,maz

where KO is a const mt for adjusting the decrement rate of
object. o due to the increase in 80. h our implementation, we
do not waat the be of sight titer to dominate the distance
&ctor. Hencq we me a smti xdue of KO. Notice that
osIo~l.

uw’jed-
Fignre & lriud importance of an object to a viewer in a
VirtUd environment.

The optimal resolution of object o is d&ed as 10 5ac-
tion of the number of progrmive records. Notice that when
the object scope touches the perimeter of the viewer scope,
Do is equal to Do,-= ad 10 becomw O. The object fl
be render~d using its base mesh ody. As the object moves
closer to the ~iewer or to the viewer’s he of sight, the r-
olution levd of the object increases.

5 Multi-Resolution Caching Mechanism

Lftiti-resolution mode~ig allows the database server to trans-
mit an object model at the optimal resolution for rendering.
This codd save the scarce btemet bandwidth born trms-
mitting dettis of an object too sm~ to be visible to the
viewer. To further reduce the dependency on the Internet to
reduce transmission dday, a caching and prefetching mech-
anism is needed to retain objects of high -ty and predict
those that wi~ most Ekely be accessed in the near future.
Notice that memory caching at a cfient can be transparently
maniptiat ed by the Iocd operating system, in the form of
virtu~ memory [32]. The ordy concern with us here is the
ut~iation and management of the storage, i.e., Iocd disk.

5.1 The Cache Model

l~en a viewer, V, moves within the virtual world, its chent
machine, C, d transmit the current viewing direction, tiv,
and the current location, 10CV,of V to the server. This mes-
sage cotid be treated as a query to the geometry database
server, requesting for W renderable objects, including the
prefetched on=.

\We the database server is procwsing the query, the
Went C til concurrently identify the cached objects that
are renderable from its local storage cache. Notice that each
cached object, o, is wsociated with a resolution, Z;, indi-
cating the current hi~hest Dossible resolution of the model
avd;ble for renderin~. Thi; resolution level depends on the
number of progrmsive records, L; < ~~, cached in C. C
wodd then submit an m“stent list to the server, containing
a fist of (o, L:) pfi. ThH fist informs the database server
about those renderable objects that me cached in C’s stor-
age md their maximum renderable r=olution Ievek. Those
renderable objects whose L: ~ LO do not need to be trans-
mitted to the c~ent as the c~ent is able to render at the
oDtimd resolution, R.. from IOCWV cached data. On the-, “

o~her han~ those renderable objects not cached in C or
those which do not have sficient records for the required
resolution ~ have to be transmitted to the cfient. A Tesult
ltit of o in the form of (o, progr~sive mesh) wi~ be trans-
mitted from the server. The progressive mesh ordy cent tins $
enough progr~sive records to define the optimal resolution,
and it might or might not include the bae mesh, depending
on whether the object is partidy cached in the chent. i,

Upon receiving the restit kt from the server, C might
cache the objects in its local storage. If the storage is ex-
hausted, a replacement scheme wi~ be invoked to identifi
the victim objects to be discarded to accommodate the in-
coming objects. For each virturd object, o, an access scoTe

1

So indicating the prediction of its future access probabtity
is determined. The higher is the accms score, the Klgher
is the probabfity that o wi~ be accased again soon. If a
new object has an WCess score higher thm the Iowat access
score of some currently cached objects, the storage space of
some of the cached objects d be reclaimed and Wocated
to xcommodate the new object.

*

5.2 Replacement Mechanism

IVe employ the Most RquiTd Movement (Mm) replace- r

ment technique in deting the access score for each object. I

The scheme is based on the observation that the further an I
object is born the viewer, the lower the resolution it can be
rendered and the longer it wi~ take for the viewer to move I

to view the object in greater detd. Consequently, its prob- 1
abiity of having it rendered at a higher resolution and hence I
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its \due of being cached in the storage are lower. Siialy,

the larger is the angle be~en m object and the viewer’s
Ene of sight, the lower is the r~olution required and the
longer it wi~ take for a fient to rotate to view the object
directly in front. me probabfity of be-mg rendered at a
higher resolution and its ~due of being cached in the stor-
age are ASOlower. PrMnq ~1~erimentshave shown that
.W& a replacement scheme outperforms tradition ~U re-
plac-ent scheme [7]. }t~e investigate the effectiveness of
hl~ll in more detd here, with consideration of the viewer
and object scope information.

There can be Merent formda to cddate the acc~
score, SO,V, for an object, o, with respect to a viewer, V.
Since we wotid me our scheme to have as few parameters
to be adjusted as possible, we defie the acc~ score by a
finear function of the distance betieen o md V, DO, and the
anhgulardist~ce between o and ZV, O.. The acc~ score is
thus defied ns.mg ody one single adjustable parameter, w
(ogti~l):

Ii%en the object with the lowest access score, o, is se
lected for replacement, se v~ not remove the whole object
born the storage cache immediately. ~ther, its ~\*a rw~
lution detd, R:, * be reduced to its optimal resolution,
Ro, by removing ~ the cx?ra progrkve records. ~ wi~
m~e room for the incoming objects. H there is st~ not
enough room to accommodate the new objects, the object
with the next lowest acc~ score @ be sdected for re-
placement. .ka&, W its &\tia progressive records fl be
remove& ~ procms d be iterat ed unti enough room is
tiocated for ti new objects.

TI%en there is stti not enough room to accommodate
tie new objects even after N ca&ed objects ha}.e been re-
duced to their optimal resolutions, ~ progr=sive records of
objects with the lowest access score ~ be removed horn
the storage cachq leaving ody -the base mwh of the ob-
ject at its minimum resolutio~ Ro. Again, this process W
be iterated for every mently cached object nntfi there is
enough room for d new objects. Fii~y, the base m~h of
the object with the lowest acc~ score fi be removed if
there is st~ not enough room after removing d progr~ive
records of ~ cached objects. This process W be iterated
unti enongh room is tiocated for d new objects.

T& mdti-resolution replacement scheme tries to keep a
cozse resolution of an object in a &ent’s storage as much as
possibla This provid= a viewer with a much better -
perception since d or most of the visible objects codd be
seen i=~tant-aneoudy, even though they may ody be at a low
resolution.

5.3 Pre&tcHng Me&anism

To enabIe prefetching, the server maintains a separate pm
tie for ea& viev:er V, containing the set of bistoricd move-
ment ilectors, {fil, fi2, . . . . fin-l]. Each vector is cdcn-
lated horn the corr~ponding viewer’s location and orie-
ntation, cent-~g a moving direction and a moving dis
tanca Xl%en V moves to a new location, lo~~ with a new
orientation, the n:h movement vector, riin, is ddated.
me server attempts to predict the n+lf~ movement vector,
fintl, of Iz and transmits objects that wotid be renderable
if V were at locn~l, in addition to the renderable objects
at Zocn. This wodd save &ture requesti to the server if
the prefetched objects are indeed required by the Went. J%le

propose three different schemes to predict the next location
of the viewen mean, window, and aponential weighted mov-
ing average (NM A). The semantics of these three schemes
are depicted in Figure 5.

h the mean scheme, the next movement vector at loc~+l
is predicted as the average of the previous n movement vec-
tors. The intuitive meaning of the mean scheme is depicted
in Figure 5a, predicting the 4fh movement vector by av-
eraging the previous three movement vectors. In the fig-
ure, we ody Unstrate the direction of the predicted move-
ment vector. Let us denote the movement vector in the
~th step bY ~= ~d the preticted movement vector for

the next step by fin~l. The predicted vector wi~ then be

see that the intermediate vectors, and hence viewer loca-
tions, are not required in predicting the new vectoq only a
‘running sum” suffices.

k the window scheme, each viewer is =sociated with a
window of size W, holding the previous W movement vec-
tors. The next movement vector is predicted as the average
of the W most recent vectors. This idea is indicated in Fig-
ure 5b, indicating a window of size W = 2. In general, with
a window of size ~, the new predicted movement vector
fin+l = ‘n-l)~ ‘m” when n 5 W. men n > W, the
predicted vector is fin~l = fin+ ~(fin – fin-w). In this
case, some of the intermediate movement vectors, and hence
some of the viewer locations, shotid be maintained

A problem for the window scheme is the amount of stor-
age needed in maintaining the vectors or viewer locations
within the windows. To avoid the need of a moving window,
md to adapt qni~y to changes in viewer moving patterns,
our third scheme assigns weight to each previous movement
vector so that recent vectors have higher weights and the
weights td off as the vectors become aged. A parame-
ter in the scheme is the fi\Tonentidly decreasing weight,
e. The most recent vector W receive a weight of 1; the
previous vector dl receive a weight of a; the next previ-
ous one ti receive a weight of Q2, and so on. A Klgh a
W give simila weights to dl the movements and predict
future movements as a function of mmy movements, in-
cluding the aged ones. ThB idea is indicated in Figure 5c,
indicating the predicted moving direction with a high a. By
contrast, Figure 5d indicates the predicted moving direc-
tion with a low a in whlck aged movements wi~ fd off the
scene qui&y and the prediction is blwed towards contribu-
tions horn recent movements. The new predicted vector is

- ..
AS n ~ w, S. + ~; therefore, fin+l can be approxi-
mated by (1 — a) ~~=1 ~n-ifii. Incrementally, fi~+l can
be approximated by afin + (1 - a)fin.

WMA has been shown to be quite effective in predicting
acc~s probabfitiw of data items in database applications by
adapting rather quickly to changm of xcess patterns [31],
However, it might not perform as satisfactory in thw new
conte~% of predicting the n- viewer location. ThB is be-
cause the accws probabihty to a &t a item is bounded be- ,
tween O and 1. The rate of change, i.e., the tit derivative ; ●

of the mcfis frequency function, must either oscfllate be-
tween positive and negative, or it wi~ ~adudly fd to zero /
(the ided case). ~MA is trying to incorporate the effect I
of the change into the new estimate and the estimation er-
ror wotid norm~y not diverge. In this new contiti, we :
are using ~MA to predict a vector, whose direction is an
angle with an unbounded scope, i.e., the angle can increase
indetiltely, for ~xample, through continuous rotation in a 1
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tide Thus, the &t deri~ative may never W to zero or
cross zero and EWhfiA may not be able to cope with the
%on-stationq~ &ags. We need to aTtititly correct the
prediction with adjustment from residu& or error predic-
tions.

Let us denote the ~~-dual in ea~ prediction of the move-
ment vector by ;~ = += — %n. As a At, the adjusted
prediction for the vector shodd be k. – Z.. To cater for the
problem of non-stationary &mges in direction, we rwtnti
our attention of the residud to the angle be~en ~. and
fin. We fl denote that augle as ~n = arg(fin) – arg(fi~),
where arg(fi] is the ~ment of the vector 6 in a com-
plas plane so that fin C- be preditied by rotating tin
through an ~le of –@n. This componde to a mdtipEca-
tion by e-’~” in the complex plane. Site we do not retiy
know ~n+l when we predict rhn~l, we must try to predict
~~+1 w w~. There cm be Werent ways of predicthg
$.+1 from the previous xdues of #i, such as mean, window
and EWtLfiA.Again, we propose to use EWMA to compute
the prediction of #i at eti step ~ we compute &. Thus,
$.+l = “Q@n+ (1 —a]#~, and fi~~l = ~~le ‘1?.+1 Notice

that. we ody need to mtit~ a single running ~ue for
this angle argument. k n~~t section, we ~ Uustrate the
improvement in prefetching perform~ce brought about by
this residud tijuetment.

6 R~lts and ~smasions

Yice we have done some p-~ studies on compar-
ing our lf~f replacement scheme with tradition LRU
scheme [7], our a\Teriments presented here try b quantify
the performance of the hf~f catig scheme and that of
vaaous prefetching schemes under different situations. The
parameters used in our eirmdation modd are &ted in Ta-
ble 1.

“ Notation D~tiption
N~b~ of Ttiu~ obje~s

:’ Ske of storage tie (p~c~tage of dat~~e)
u Parameter for determining~~ score

Fd<,l, Prefettig sheme for storage ctie
11’ \Vidow size

Ex~onentiM~,decreasingweigkt
; htoving patternsof the viewer

Table L Paramet.m kt-mg hr sirmdated experiments.

b our s“mdation mow, there are n virtu~ objects, d
r~-iding v.5thinthe secondary storage at the database server.
h the ex~eriments presented bdow, we tim on au envi-
ronment with One database server md a s-mgle Went. The
e~ect of the number of dents on the performmce of caching
md prefetching schemes fl be reported in the hti The
dent ad datab~e server communicate via a network with

a bandwidth of 2Mbps, mode~ig the Internet environment.
The disk bandwidth is fied at 40Mbps. The computation
cost for determining scope intersection, optimal r&olution,
and access score are ignored for sirnpficity. The virtual world
is re@arly subdivided into 2000x2000 square unite. The n
virtual objects are distributed unifomdy among the square
units. Ed unit therefore contains a average of = ob-
jects. The viemtr is assumed to reside at the center of the
viewer scope. The viewing angle which defies the viewing
region of the viewer scope is set to be 120 degrees, i.e., ~.

Ed virtual object in the database server is modeled
by a progr=sive mesh, containing a base mesh and a ~it of
pmgr~ive records. The number of progressive records asso-
ciated with each object model fo~ows a normal distribution
with a mean of 25,000 records ~d a stantid deviation of
2,500 recor&. Ead progressive record h= a size of 40 bytes
w~e ea& base mesh is assumed to have a size equti to
2KB. The actual sizes of the object modek range between
660KB and 1,363KB, with a mean of 1,020KB.

Only storage cache at the dlent is modeled in our simulat-
ion. The size of the storage che is equal to N% of that of
the database. We experimented with Werent presetting
schemes, Fd~~k,including mean, Window, and EWMA. For
the EWMA s&eme, we ~eriment both with and without
residud adjustment enabled For not ationd convenience, we
refer to the EWMA s&eme with reeidud adjustment enabled
by EWMA-R, and the EWMA sdeme with r~idud adjust-
ment disabled by EWMA-N R. We further denote a window
scheme with window size, W, a Win-W.

We simtiate three moving patterns, P, experienced by
a viewer. The moving patterns are depicted in Figure 6.
Ead pattern contains a sequence of movement steps. The
fit pattim modek a constant circular translation pattern
(CP). The viewer moves tirtiarly with a diameter of 715
square units, starting at coordinate (240, 1000) and end-
ing at the same location. Each movement step includm a
trtiation of 150 squae units along the viewing direction,
fo~owed by rotating the viewing direction with m angle of
~, i.e., 12 degre=. At every position, the viewer *O ro-
tat~ with an angle of +5, i.e., +20 degrees. This modek
a situation where the viewer exTlores the virtual objects
around him/her for every movement. The second pattern
modek the same pattern a the titiar pattern except that
the moving direction &angw with an angle of ~, i.e., 10 de-
grees, after every 4 movement steps. We cd ths the &ang-
ing aer pattern (CCP). FmWy, the Iwt pattern modek
a random movement pattern (random W* or RW). Each
movement step is either a translation of arbitrary length or
a rotation of arbitrary angle.

We charwterize the performance of the cachiig and re-
plmement s&ema with two sets of metrim. The fit set
measures the absolute performance and is characterized by
whe hit ratio and response time Cde hit ratio mea-
sures the percentage of bytes of the visible objects, i.e., those
within the viewing region, that cotid be retrieved horn the
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- Parameter ] Experiment #l Experiment #2 E~efiment #3
I 5000 5000 1000, 5000, 10000,20000

; l% 0.5Y0,0.6Y0,0.770, 0.8Y0,o.9y0, l% l%
u 0.5 0.5 0.5

F~~~ No Prefetch, Mean, Mndow No Prefetch, Mean, Mndow No Prefetch, Mean,Wndow
EWMA-NR,EWhfiA-R EWMA-NR, EWMA-R EWMA-NR,EWMA-R

it’ 1, 3,5, 7 1, 3, 5, 7 1, 3, 5, 7
I 0.5 0.5 0.5

; CP, CCP, RW CP CP

Table 2 Parameter Idues for the experiments.

,

~~ ~
Figure 6: Lfoving patterns: (a) CP, (b) CCP, and (c) RW.

locrd storage capcheof the &ent. Response time measures
the average time {in seconds) that the viewer needs to wait
from the moment the viewer m~es a move to the moment
m-hen the records for the optimal resolutions of d visible
objects =e obttied at the chent.

The second set of metrics is concerned with the image
F&ty perceived by a viewer and is &aracterized by tiual
peTce?tion and Iztencg time Vid p-eption measures the
degree en percentage) of image qudty c\Terienced by the
viewer. It.is Mdt to modd visu~ perception as it requires
user vissd e\Teriencs within a virtual syst- Currently,
for ea& ~tilble object, o, cached in the loc~ storage, its vi-

-)snd perception is modded as a CUKICfanction:1—(‘OjOBo3,
w-hereBO is the expected We of object o at its optimal r-
olution and B; is the size of the object mently cached
This dtition assumes a 100% visurd perception when the
ctied modd cotid provide the optimal resolution. We use
a logtithmic-~e fanction to modd visnd perception be-
cause when a viev:er m&es a move in the virtual world,
he/she wotid a\Terience a high visual perception if A ~~
ible objects codd be seen instantaneously, even at a coarse
resolution. By contrast, the viewer wotid e\Terience a low
perception if hefshe needs to wait hr a long time behre &
~tilble objects cotid be observed We are condutig exper-
iments to co~ect user a\Teriences via a prototype which fl
dow us to retie our visnd perception dtition. Mong the
same rationtiq latency time measures the average time (m
seconds) reqa-med to retrieve the base meshes of d ~tilble
objezts, i.e., from the time the viewer mti a move to the
moment when there is a coarse image of W Wlble objects.
For e~ ~\Teriment conducted, the average of + met-
ric is determined from W movement steps. The standard
deviations are found to be sm~.

Due to space ~tation, we fl ody be presenting three
~x~-ents to wanti& the performance of ~f~f and the
prefethg tetilques. The parametm settings are sum-
mtized in Table 2.

5.1 =periment #l

b the fit experiment, we wodd We to study the perfor-
mmce of the caching mechti , with and without prefetch-
~g, on the ~tious moving patterns. h this a\Teriment, n is

17s

fi~ed at 5000 objects, resulting in a database size of approx-
imately 5GB. The size of the storage cache, N, is fied at
1% of n, leading to a c~e size of 50MB. We experimented
with d three moving patterns: CP, CCP, RW. We repeat
our &\Teriments with tious prefetchiig schemes: Mcan,
Window, EWMA-NR, and EWMA-R, to be compared with
the base case of no presetting, No Prefetch. The measure-
ments of the four metrics are depicted in Figure 7, whih is
organized as ~ array of graphs. The tit row (Figures 7a
and 7b) depicts the hit ratios and response times while the
second row (Figures 7Cand 7d) depicts the visual perception
and Iateng measurements.

ti-- 11 ---
Figure fi Performance of fiTerirnent #1.

from Figure 7, Ne observe that even without prefetchiig,
the cachiig medanism performs reasonably we~. It tiev&
a hit ratio ranging from 79% to 83~0 (Figure 7a). With
prefetchiig, the hit ratios could be improved by up to 6%.
This results in a decrease in response time when prefetching
is enabled (Figure 7b). We observe that Mean is not very
effective in predicting fiture movements, performing similm
to the base case, i.e., No Prefetch. Both Window and EWMA
perform equdy we~ in improving the hit ratio of the cting
mechanism.

With a window-based prefettiig scheme, a smd win-
doN sized restit in better performance under the CP and
CCP moving patterns. ThM is maidy because under the CP
and CCP moving patterns, the moving direction is always
changing, very often with a constant angle. With a large
window size, aged moving vectors til be contributing to the
prediction of the next moving vectoq th~ introduces some
noise in the prediction. The performance is thus not as good
as that with a smd windoN size. By contrast, under the
RW moving pattern, ed movement step wi~ bear a high
degree of randomness. A smd window does not necessar-
ily capture enough bowledge to predict the next movement
vector. Therefore, the pefiorrnmce horn a sm~ windoN
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sire is not as good as that from a large window s-weunder
Rw.

HVLflA ~titilts a stiar behavior as window-based scheme
and ~VLflA-R perfcrms better under the CP and CCP mov-
~g Patt-. ~= ~ mMY became the angles of deviation

mder these two moving patterns ~tibit a ma-defied pat-
tern (quite comstant) and is thus predictable. Under a RW
mo~tig pattern, the angle deviation does not ~tibit a dean
pattern and the r=idud correction do= not seem to yidd
any improl’ement.

6.2 Experiment #2

In the second a\Teriroent, we wotid me to study the tiect of
cache ske on the performance of the caching ad prefetching
me&*ms. b thise\Teriment, n is agti &xed at 5000
objects. The roo~tig pattern is fi~ed at CP. The size of
the storage cache, N, ranges born 0.5% to 1% of n, leading
to a cache size of 25hIB to 50hfB. Am. the ~~meriments
are repeated tith ~erent prefetti-g shemes.’ Figure S
depicts tie rdts ~vhich are arraged in the same way as
Fi&re 7.

B
f~*T-

=.

~=

I c1 ~

f’=: .“. “:;
0.
Csczmucs ,

-.m

Figure S Performance of &Teriment #2.

from Figure 8Q, we observe a gradud increase in hit
ratios when the cache s-meincreases. This *O accounts to
a decrease in response tim~ when the cache size increas~
as shown in Figure $b. It is simply because a larger cache
s-~e is able to hold more object mod~ thus, the chance of
hitting an object mcdd in the Iocd cde becomes higher-
It is &o promisimg that even without prefet&g, we are
able to achieve a hit ratio of 79%, with a cache size as sm~
‘~ 0.5% of the databas~

Figures Sc and Sd depict the visual perception and la-
tency time e~erienced by the viemsr. They exhibit tier
b&avior as hit ratio and response time respectivdy. Notice
that the latency time is always under a second This could
provide an Aost continuous service to the viewer.

5.3 Experiment #3

b this last &\Venment, we wotid me to study the effect
of datab~e she on the pefiormance of the caching and
prefettig mechanisms. b this a\Teriment, n ranges from
1000, 5000, 10000, and 20000 objects. This mod~ environ-
ments nith sm~, me~mn, and large databas~ respectixdy.
me size of the storage cache, h’,is&xed at 1% of n. The
moving pattern is fixed at.CP. The cxTeriments are repeated
with ~erent prefet thing scherQes. Flgurs 9 depicts the re-
stits which again, are arranged in an identicd mmmer as
Rgure 7.

*)W:%C=
m ~,-- . . . ..-.. ”..x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

11
.— .

-w- -a *)

Figure 9: Performance of Experiment #3.

From Figure 9, we observe that the hit ratios and visual
perception drop sfightly as the database size increases (Fig-
ures 9a and 9c). As the database size increases, the expected
number of object modeb that are required for each move-
ment dso increases accordingly. Ths is because the number
of virtual objects located within a unit increases with the
database size. Therefore, at any location, the Hkeriood
that the viewer scope wi~ overlap with an object scope be-
comes higher. Thii wi~ decrease the chance of hitting an
object model in the Iocd cache. Since the size of the cache
is &xed at l% of the database size, the decrease in hit ratios
is rather sfight. The increwe in response times and latency
times (~lgures 9c and 9d) is due to the decrease in hit ratios
and could be exTlained simiiarly.

7 Conclusions

k th= paper, we have dmcribed a virtual tikthrough ap-
plication as an a-pie of nefi-generation multi-media ap-
plications. We describe technical challenges that needed to
be addr~ed in order to improve the performance of such
kind of app~cations. As one dtemative to improve the per-
formance, we propose a caching mechanism that employs
Iocd storage of a cfient machine to hold remote objecti re-
si~g at the database server. The caching mechanism is
further complemented by a prefetchiig mechanism to pre-
dict future accws objects. The prediction is based on the
semantics of virtual ~through apphcation. The various
prefetching methods are investigated for performmce and
shown to be effective.

We are cu~ently conducting more experiments to study
the performance of the cachiig and prefetching mechanism
under Werent situations. b particular, we are studying the
effect of mtitiple cfients on the performance of the caching
mechanism. We are &o developing a prototype on the Web
environment to ~dldate the actual performance with our
simdated rdts.
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