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Abstract

Distributed virtual en vironmen ts allo w users at di�eren t ge-

ographical lo cations to share and in teract within a common

virtual en vironmen t via a lo cal net w ork or through the In-

ternet. T o deliv er a go o d p erformance for suc h application s,

w e need to address sev eral issues in di�eren t researc h dis-

ciplines. First, w e m ust b e able to mo del virtual ob jects

e�ectiv ely . The recen tly dev elop ed m ulti-resolution tec h-

niques for ob ject mo deling are of great v alue here, since

they are capable of simplifyin g the ob ject mo dels and there-

fore reducing the time to render them. This ma y greatly

reduce the demand for rendering p erformance on the clien t

mac hines. Second, with the constrain t of the limited band-

width of the In ternet, w e need to reduce the resp onse time

b y reducing the amoun t of data requested o v er the net w ork.

Cac hing of suitable ob ject mo dels of high a�nit y will re-

duce the amoun t of data requested o v er the net w ork for a

faster resp onse time. Prefetc hing ob ject mo dels b y predict-

ing those whic h are lik ely to b e used in the near future and

do wnloading them in adv ance will lead to a similar impro v e-

men t. Third, the In ternet often su�ers from disconnection .

A cac hing mec hanism that allo ws ob jects to b e cac hed with

at least their minim um resolutions will b e useful to pro vide

at least a coarse view of the ob jects to the view er for im-

pro v ed visual p erception. In this pap er, w e describ e our

implemen tation of a distributed w alkthrough system. Tw o

tec hniques are fundamen tal to our system, a multi-r esolution

c aching me chanism and a set of obje ct pr efetching me cha-

nisms . T o w ards the end of the pap er, w e quan tify the p er-

formance of the prop osed mec hanisms.

1 Intro duction

In a virtual w alkthrough applicatio n, a user could explore a

sp eci�c place of in terest without ha ving to tra v el ph ysicall y .

The place of in terest is mo deled as a virtual en vironmen t,

con taining a v ast n um b er of virtual ob jects. Sample appli-

cations of this sort include virtual m useum, virtual library ,

virtual univ ersit y , etc. [19]. Emplo ying a standard clien t-

serv er arc hitecture, information of virtual ob jects, including

their lo cations, sizes, orien tations, and shap es, will b e main-

tained in a cen tral database serv er. When a view er (user)

w alks through a virtual en vironmen t, information of the vir-

tual ob jects lo cated within a visible distance from the view er

will b e con v ey ed to the clien t mac hine of the view er for ren-

dering. As the view er mo v es within the virtual en viron-

men t, the relativ e lo cations and orien tations of the ob jects

ma y c hange with resp ect to the p osition of the view er. Suc h

c hanges of information should b e re
ected in to the rendered

images in a timely fashion. In general, the virtual ob jects

could b e dynamic as w ell, c hanging their lo cations and ori-

en tations within the virtual en vironmen t. Ho w ev er, in this

pap er, w e only fo cus on virtual en vironmen ts where ob jects

are static. The goal is to pro vide a go o d p erformance of

the application, b oth in terms of resp onsiv eness and resolu-

tion, under the existing constrain ts of relativ ely lo w In ternet

bandwidth and the large memory demand of virtual ob jects.

W e are addressing sev eral issues in this application. First,

virtual ob jects m ust b e mo deled in a compact form so as to

reduce the amoun t of storage space needed and the amoun t

of time required to transfer the ob jects from the serv er to

a clien t. A compact mo deling of virtual ob jects also has

the b ene�t of fast retriev al from secondary storage, b oth at

the serv er and at a clien t. Ho w ev er, o v er-compact mo deling

of virtual ob jects will increase the o v erhead in compress-

ing and decompressing the ob jects. The recen tly dev elop ed

m ulti-resolutio n metho ds for ob ject mo deling [13, 16] could

b e emplo y ed here. The tec hniques allo w progressiv e trans-

mission of ob jects with only minimal o v erheads.

Second, with the limited bandwidth of the In ternet, w e

need to reduce the amoun t of data requested o v er the net-

w ork for faster resp onse time. This can b e ac hiev ed b y

cac hing and prefetc hing mec hanisms. A cac hing mec hanism

allo ws a clien t to utilize its memory and lo cal storage to

cac he curren tly visible ob jects that are lik ely to b e visible

in the near future [11]. A prefetc hing mec hanism allo ws

a clien t to predict ob jects that will b e visible in the future

and obtain the ob jects in adv ance to impro v e resp onse time.

A go o d cac hing mec hanism should retain ob jects with high

a�nit y while a go o d prefetc hing mec hanism should predict

those ob jects whic h will most lik ely b e used.

Third, the In ternet often su�ers from v arious degrees of

disconnection. The lo cal storage cac he of a clien t can b e

used to pro vide partial information to supp ort a certain de-

gree of disconnected op eration. F or example, a view er ma y

still b e able to see a coarse resolution of ob jects in the vir-

tual en vironmen t if the minimal appro ximated mo dels of the

ob jects are cac hed. Ev en if only the co ordinates of the vir-

tual ob jects are cac hed, a view er could still b e a w are of the
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existence of the ob jects.

In this pap er, w e describ e our implemen tation of a dis-

tributed w alkthrough system. Tw o tec hniques are funda-

men tal to our system, a cac hing tec hnique called the multi-

r esolution c aching me chanism and a prefetc hing tec hnique

comp osing of a set of obje ct pr efetching me chanisms . The

rest of the pap er is organized as follo ws. Section 2 presen ts

a surv ey on relev an t researc h. Section 3 presen ts the m ulti-

resolution mo deling tec hnique, and Section 4 presen ts the

m ulti-resoluti on cac hing and prefetc hing mec hanisms. In

Section 5, w e discuss the implemen tation of our exp erimen-

tal protot yp e system. W e quan tify the p erformance of our

cac hing and prefetc hing mec hanisms with sev eral exp eri-

men ts via sim ulation as w ell as on the protot yp e in Sec-

tion 6. Finally , w e conclude our pap er with a discussion on

p ossible future w ork.

2 Related W o rk

Sev eral approac hes ha v e b een prop osed to distribute data

from the serv er to the clien ts in distributed virtual real-

it y applications . Most existing systems, suc h as DIVE [3],

SIMNET [1], and VLNET [22], use a complete replication

approac h to distribute all geometry data to the clien ts b e-

fore the start of the application. This approac h assumes

the use of a reliable high sp eed net w ork and is therefore not

suitable for use in the In ternet en vironmen t. If the geom-

etry database is large, distributing it via the In ternet ma y

result in a high pre-loading time. Another approac h to dis-

tribute geometry data is to send them on demand to the

clien ts [10, 23 , 27 ] during the application. This approac h

emplo ys a standard clien t-serv er arc hitecture, in whic h a

cen tral serv er main tains a geometry database of the virtual

en vironmen t and distributes data to clien ts when requested.

Clien t-serv er arc hitecture is v ery common in the In ternet.

In a clien t-serv er database en vironmen t, to com bat the

net w ork transmission latency , a m ulti-lev el cac hing mec ha-

nism could b e established b y cac hing database ob jects from

the serv er in a clien t's lo cal memory and/or lo cal storage.

A storage cac he has an adv an tage of p ersistence. When dis-

connected from the serv er, a clien t can still op erate on the

database ob jects in its lo cal storage.

In a con v en tional clien t-serv er database en vironmen t, data

ob jects are usually transferred from the database serv er to

a clien t on a p er-page basis [2, 11 ]. This is primarily b e-

cause the serv er's storage is also page-based. The o v erhead

for transmitting one item or a page is similar. In a virtual

w alkthrough en vironmen t, virtual ob jects are represen ted

using obje ct mo dels and are usually v ery complex and large

in size, o ccup ying p ossibly m ultiple pages. The o v erhead

required to transfer an ob ject mo del (or simply ob ject) in

its en tiret y via the narro w bandwidth In ternet is v ery high.

F urthermore, w e migh t not alw a ys need to render an ob-

ject at its full resolution (see Section 4). Hence, there will

b e situations that w e need to transfer less than a page of

information and there also exist situations that w e need to

transfer more than a page of information. A more dynamic

gran ularit y for cac hing is therefore needed in a virtual w alk-

through en vironmen t.

If a clien t can pro vide un b ounded disk storage and w ait

for a p ossibly v ery long pre-loading time, w e could trans-

mit all virtual ob jects in the en vironmen t to the clien t b e-

fore starting the w alkthrough, as in the complete replication

approac h [1, 3, 22]. Ho w ev er, a more realistic situation is

that the a v ailable storage for cac hing and the a v ailable pre-

loading time are limited [20]. A cac he replacemen t p olicy

m ust b e emplo y ed to retain only frequen tly accessed ob-

jects. Finally , to reduce the access and rendering latency ,

it is also b ene�cial to prefetc h p oten tially visible ob jects in

the clien t, if disk space is a v ailable.

2.1 Multi-Resolutio n Mo deling

In a virtual w alkthrough application, rendering a complex

ob ject at a clien t is exp ensiv e. F rom the p ersp ectiv e of a

view er in the virtual en vironmen t, distan t ob jects app ear

smaller than nearb y ob jects after pro jection. Most of the de-

tails of distan t ob jects are actually not visible to the view er.

Hence, it is only necessary to represen t an ob ject at the

resolution just high enough for the giv en viewing distance.

This could reduce not only the rendering time, but also the

transmission dela y and the storage required at a clien t to

hold the ob jects. Here, w e emplo y m ulti-resolution mo d-

eling tec hniques to study the e�ect of cac hing ob jects in a

clien t at v arious gran ulariti es. In brief, our m ulti-resoluti on

mec hanism cac hes and prefetc hes a nearb y ob ject at a higher

resolution and a distan t ob ject at a lo w er one.

There are man y metho ds dev elop ed for generating m ulti-

resolution mo dels [8 , 14, 24]. Ho w ev er, most of them fo cus

on the accuracy of the simpli�cati on, and hence, are slo w.

A p opular metho d to o v ercome the p erformance limitation

is called the discr ete multi-r esolution metho d . This metho d

pre-generates a few k ey mo dels of an ob ject at di�eren t res-

olutions. During run-time, the ob ject's distance from the

view er determines whic h mo del to use for rendering [7]. Al-

though this metho d is fast and simple, it has one ma jor

limitation in our con text. Since all the k ey mo dels are in-

dep enden t of eac h other, the o v erall amoun t of information

needed to represen t a particular ob ject is increased and is

dep enden t on the total n um b er of k ey mo dels used. In a dis-

tributed en vironmen t, this will increase the net w ork tra�c

and hence reduce the a v ailabil i t y of ob jects.

A metho d referred to as pr o gr essive meshes w as recen tly

prop osed for progressiv e transmission of m ulti-resolution ob-

ject mo dels [13]. The metho d is based on t w o op erators,

e dge c ol lapse for reducing mo del resolution, and e dge split

for increasing mo del resolution. Eac h ob ject is mo deled as

an ordered list. The list b egins with the minimal resolu-

tion mo del of the ob ject, referred to as the b ase mesh . Eac h

subsequen t record in the list, referred to as the pr o gr essive

r e c or d , stores information of an edge split. If w e apply the

information stored in eac h of the records to the ob ject in or-

der, the ob ject will gradually increase in resolution un til it

reac hes the maxim um resolution, when all the records in the

list are exhausted. Con v ersely , the metho d ma y b egin with

the highest resolution mo del of the ob ject; if w e apply the

information stored in eac h of the records in rev erse order,

whic h is equiv alen t to an edge collapse op eration, the ob-

ject will gradually decrease in resolution un til it reac hes the

minim um resolution. W e ha v e recen tly dev elop ed a similar

metho d [15, 16 ].

2.2 Replacement and Prefetching T echniques

In [9], v arious cac he replacemen t p olicies ha v e b een pro-

p osed and their suitabili ti es in a con v en tional database sys-

tem ha v e b een examined. These p olicies are all page-based,

due to the logical mapping made b y the database or op er-

ating system to the ph ysical storage. In general, the p er-

formance of individua l replacemen t p olicies is sensitiv e to

the c haracteristics of queries initiated and the application

en vironmen t. A general conclusion on the p erformance of

the replacemen t p olicies cannot b e made. In practice, the



replacemen t p olicy is often appro ximated b y the L e ast R e-

c ently Use d (LR U) p olicy in con v en tional cac hing [2, 11, 26].

In [25], it w as sho wn that LR U p olicy is not appropriate in a

con text where the ob jects accessed b y a clien t migh t c hange

o v er time. Rather, the seman tics of data access is more

imp ortan t in de�ning the replacemen t p olicy . W e, there-

fore, need to dev elop a more appropriate replacemen t p olicy

based on the seman tics of accesses in a w alkthrough en vi-

ronmen t. It w as also noticed in [4] that prefetc hing could

b e v ery b ene�cial in impro ving the p erformance of database

application s if the prefetc hing is p erformed in telligen tl y .

3 Multi-Resolution Mo deling T echnique

3.1 Object Scop e

In our metho d, eac h virtual ob ject, o , is stored in the database

serv er at its maxim um resolution,

^

R

o

, in the form of a pro-

gressiv e mesh. Since the m ulti-resoluti on metho d w e use

here is based on edge collapse, the maxim um resolution

^

R

o

of o is actually re
ecting a coun t of the total n um b er of

edges whic h can b e collapsed from its maxim um resolution.

Eac h ob ject will also ha v e a base mesh at its minim um res-

olution,

�

R

o

. W e sa y that the base mesh

�

R

o

of o represen ts

o at resolution lev el 0, denoted as

�

L

o

, whic h has a v alue of

0. Eac h progressiv e record will increase the resolution lev el

b y 1. Therefore, the maxim um resolution

^

R

o

represen ts o

at the highest resolution lev el, denoted as

^

L

o

, when all pro-

gressiv e records are applied.

T o minimize the amoun t of data needed to b e handled,

most existing metho ds consider only the ar e a of inter est

(A OI) of the view er [10, 18 , 23 ]. If an ob ject falls inside

the A OI of the view er, the ob ject is considered visible to

the view er. Otherwise, the ob ject is considered to o far to

b e visible. Although these metho ds can quic kly eliminate

in visibl e ob jects, they do not consider the sizes of the ob-

jects. Hence, a moun tain lo cated just outside the A OI of the

view er ma y still b e visible to the view er, but is considered

as in visible, while a tin y ob ject suc h as a b o ok lo cated just

inside the A OI of the view er is unlik ely to b e visible to the

view er, but is considered for visibili t y . The former situation

ma y result in a sudden app earance of a large ob ject, and the

latter situation ma y result in a w aste of pro cessing time.

T o o v ercome this limitation, w e generalize the A OI con-

cept to b oth view ers and ob jects. W e call them the viewer

sc op e and the obje ct sc op e . W e denote the view er scop e for

view er, V , b y 


V

and the ob ject scop e for ob ject, o , b y 


o

.

A view er scop e is similar to A OI. It indicates the depth of

sigh t of the view er, i.e., ho w far the view er can see. A view er

with a go o d ey e-sigh t or equipp ed with a sp ecial device ma y

b e able to see ob jects that are further a w a y , and therefore

ma y b e assigned with a larger scop e. A short-sigh ted view er

ma y only b e able to see nearb y ob jects, and therefore ma y

b e assigned with a smaller scop e. An ob ject scop e indicates

ho w far the ob ject can b e seen. A large ob ject has a larger

scop e and a small ob ject has a smaller scop e. An ob ject

ma y b e visible to a particular view er only when its scop e

o v erlaps with the view er scop e. When the t w o scop es o v er-

lap, the distance b et w een the ob ject and the view er and the

angle of the ob ject from the view er's viewing direction can

b e used to determine the optimal resolution of the ob ject.

Ob viously , a view er ma y also b e considered as an ob ject

and assigned with an ob ject scop e in addition to the view er

scop e. This ob ject scop e of the view er will de�ne ho w far

the view er can b e seen b y another view er within the same

virtual en vironmen t. This approac h is somewhat similar to

the one prop osed b y [12].

In our implemen tation, w e de�ne a scop e as a circular

region. Therefore, eac h scop e (ob ject or view er) is c harac-

terized b y a radius. W e denote the radius of the ob ject scop e

for ob ject o , i.e., 


o

, as r




o

while the radius of the view er

scop e for view er V , i.e., 


V

, as r




V

.

The in teraction b et w een a view er and the virtual en vi-

ronmen t is illustrated in Figure 1. In addition to the view er

scop e, eac h view er, V , is also asso ciated with a viewing di-

r e ction , ~ v

V

, and a lo cation, l oc

V

. The viewing direction

de�nes the line of sigh t of the view er. Giv en the lo cation

of a view er, all virtual ob jects whose ob ject scop es in tersect

with the view er scop e are considered as visible to the view er.

Ev en though some ob jects ma y b e lo cated at the bac k of the

view er, the view er ma y b e able to see them within a v ery

short time simply b y turning around. As will b e describ ed

later, these ob jects ha v e the highest priorit y to b e cac hed in

the clien t's memory and w e refer them as c achable obje cts .

Eac h view er also has a viewing angle. This viewing angle

de�nes the view er's viewing region, whic h is a sub-space of

the view er scop e. All cac hable ob jects within the viewing

region are considered for rendering, and w e refer them as

r ender able obje cts . Eac h renderable ob ject will b e rendered

at its optimal r esolution . W e denote the optimal resolution

of an ob ject, o , b y R

o

and its resolution lev el b y L

o

. This

optimal resolution of an ob ject is determined according to

the ob ject distance from the view er and the angular distance

of the ob ject from the view er's viewing direction, i.e., line of

sigh t. If the ob ject is rendered at a resolution higher than

this optimal resolution, the additional details will not b e

easily noticeable to the view er. By con trast, if the ob ject is

rendered at a resolution lo w er than this optimal resolution,

the image qualit y of the rendered ob ject as p erceiv ed b y the

view er drops rapidly [5]. Suc h a p erceiv ed image qualit y is

called the visual p er c eption .

vV

viewing
 angle

viewer

viewing region

object

objectobject scope
object scope

viewer scope

Figure 1 : Ob jects-view er in teraction in a virtual

en vironmen t.

3.2 The Optimal Resolution of an Object Mo del

The optimal resolution of an ob ject mo del can b e deter-

mined according to the visual imp ortanc e of the ob ject to a

view er. In [17], w e ha v e iden ti�ed sev eral factors that ma y

a�ect the visual imp ortance of an ob ject. Here, w e only con-

sider t w o of those factors, whic h are relev an t to the con text

here. The �rst one is the distance factor. If an ob ject is far

a w a y from the view er, the ob ject ma y b e considered as vi-

sually less imp ortan t. The second factor is the line of sigh t.

Studies ha v e sho wn that when an ob ject is lo cated outside

the line of sigh t, the view er is unable to p erceiv e m uc h detail

from the ob ject [21 , 28]. Degradation of p eripheral visual

detail can impro v e rendering p erformance and reduce p er-

ceptual impact. Here, w e assume that the view er's line of

sigh t is at the cen ter of the screen.



Figure 2 depicts the visual imp ortance of an ob ject, o ,

to a view er, V . In the �gure, D

o;V

indicates the curren t

distance of the ob ject from the view er, while D

o;V ;max

is

the distance b et w een the ob ject and the view er when their

scop es just o v erlap. Hereafter, w e will consider in the con-

text of view er V and the subscript V can b e dropp ed if the

con text is clear. Since a scop e is de�ned as a circular region,

D

o;max

is equal to the sum of the radii of the view er scop e

and the ob ject scop e. The angular distance of the ob ject

from the view er's line of sigh t, i.e., its viewing direction, ~ v

V

,

is denoted as �

o;V

or simply �

o

( � � � �

o

� � ). The visual

imp ortance of o to a view er can b e de�ned with the follo wing

form ula:

I

o

= (

D

o;max

� D

o

D

o;max

)

2

e

� K

o

j �

o

j

; 0 � D

o

� D

o;max

where K

o

is a constan t for adjusting the decremen t rate of

ob ject o due to the increase in �

o

. In our implemen tation, w e

do not w an t the line of sigh t factor to dominate the distance

factor. Hence, w e use a small v alue of K

o

.

Do

Do,max

Vv

viewer scope

qo

viewer V

object scope just 
       overlaps with
       viewer scope

object o
object scope

object scope

object o

Figure 2 : Visual imp ortance of an ob ject to a

view er in a virtual en vironmen t.

T o incorp orate this idea in to the progressiv e m ulti-resolu-

tion metho d describ ed in [13], the ob ject imp ortance, I

o

,

is used to determine the optimal resolution of the ob ject

mo del. During the w alkthrough, w e con tin uously determine

those cac hable ob jects. When the scop e of an ob ject, o ,

touc hes the p erimeter of the view er scop e, the optimal reso-

lution lev el of the ob ject will b e equal to its base mesh, whic h

pro vides the minimal resolution of the ob ject. As the ob ject

mo v es closer to the view er or to the view er's line of sigh t,

its optimal resolution increases. The ob ject mo del of eac h

cac hable ob ject at its optimal resolution will b e transmitted

to the clien t if it is not already cac hed in the lo cal storage.

When transmitting the mo dels from the serv er to a clien t,

mo dels of ob jects within the viewing region are transmitted

�rst, follo w ed b y the transmission of those outside the view-

ing region. The receiv ed mo dels will b e cac hed in the clien t's

lo cal storage. If there is not enough cac he storage, w e will

thro w a w a y some progressiv e records of some ob ject mo dels

that are not lik ely accessed in the near future in order to

accommo date the new mo dels, i.e., w e try to decrease the

resolution of some existing cac hed ob jects (see Section 4).

W e also attempt to further impro v e the p erformance of

the w alkthrough application b y ha ving the serv er prefetc h

ob jects whic h will most probably b e accessed in the future

to the clien t. This is ac hiev ed b y ha ving the serv er predict

the next lo cation and viewing direction of the view er based

on his/her past mo v emen t pro�le. Mo dels of ob jects whose

scop es o v erlap with the view er scop e at the predicted lo ca-

tion will b e transmitted at their optimal resolutions to the

clien t as w ell (see Section 4).

Our metho d has sev eral adv an tages o v er previous ap-

proac hes. First, in [23], discrete m ulti-resolution metho d is

used for mo del transmission. Redundan t information will

ha v e to b e sen t through the net w ork, since m ultiple mo dels

of the same ob ject at di�eren t resolutions need to b e trans-

mitted. Our metho d applies the progressiv e mesh tec hnique

for mo del transmission. No redundan t information needs

to b e sen t across the net w ork. Second, the imp ortance of

an ob ject is calculated based not only on the distance of the

ob ject from the view er, but also on the size of the ob ject con-

cerned and the resolution of the viewing device. Third, our

cac hing mec hanism di�ers from con v en tional cac hing mec h-

anisms [2, 11 , 26] in that ob jects could b e cac hed at m ul-

tiple degree of gran ularit y . Replacemen t is also based on

ob ject access patterns rather than con v en tional LR U p olicy .

Finally , the p erformance of the w alkthrough application is

further impro v ed b y predicting the future mo v emen t of the

view er and prefetc hing ob jects in adv ance.

4 Multi-Resolutio n Caching Mechanism

Multi-resoluti on mo deling allo ws the database serv er to trans-

mit an ob ject mo del at the optimal resolution for rendering.

This could sa v e the scarce In ternet bandwidth from trans-

mitting details of an ob ject to o small to b e visible to the

view er. T o further reduce the dep endency on the In ternet

to reduce transmission dela y and to supp ort disconnected

op eration, a cac hing and prefetc hing mec hanism is needed

to retain ob jects of high a�nit y and predict those that will

most lik ely b e accessed in the near future.

4.1 The Cache Mo del

When a view er, V , mo v es within the virtual en vironmen t,

the clien t mac hine, C , will transmit the curren t viewing

direction, ~ v

V

, and the curren t lo cation, l oc

V

, of V to the

serv er. This is a query to the database serv er for all cac hable

ob jects. Concurren tly , C will iden tify the cac hable ob jects

among the cac hed ob jects stored in its lo cal storage cac he

based on the list supplied b y the serv er.

Eac h cac hed ob ject, o , is asso ciated with a resolution,

R

�

o

, indicatin g the curren t highest p ossible resolution of the

mo del a v ailable for rendering. This resolution lev el dep ends

on the n um b er of progressiv e records, L

�

o

�

^

L

o

, cac hed in

C . C w ould then submit an existent list to the serv er, i.e.,

a list of h o , L

�

o

i pairs ab out those cac hable ob jects cac hed

in C 's storage. Cac hable ob jects with L

�

o

� L

o

do not need

to b e transmitted as C can render them at the optimal res-

olution, R

o

, from lo cally cac hed data. On the other hand,

those cac hable ob jects not cac hed in C or those not at the

required optimal resolution L

o

will ha v e to b e transmitted

to C . A r esult list in the form of h o , progressiv e mesh i pair is

transmitted. Suc h a progressiv e mesh only con tains enough

progressiv e records to de�ne the optimal resolution of the

ob ject.

Up on receiving the result list from the serv er, C migh t

cac he the ob jects in its lo cal storage. If the storage is ex-

hausted, a replacemen t p olicy iden ti�es the victim ob jects to

b e discarded. F or eac h ob ject, o , an ac c ess sc or e indicating

the prediction of its future access probabili t y is determined.

The higher the access score is, the higher is the probabil-

it y that o will b e accessed again so on. If an ob ject has a

score higher than the lo w est score of some curren tly cac hed

ob jects, it will b e cac hed.



4.2 Multi-Resolution Replacement Mechanism

W e emplo y the Most R e quir e d Movement (MRM) replace-

men t tec hnique in de�ning the access score for eac h ob ject.

It is based on the observ ation that the farther an ob ject is

from the view er, the lo w er the resolution it can b e rendered

since the longer it will tak e for the view er to mo v e to view

the ob ject in greater detail. Consequen tly , its v alue of b eing

cac hed in the storage is lo w er. Similarly , the larger the angle

b et w een an ob ject and the view er's line of sigh t is, the lo w er

the required resolution is since the longer it will tak e for a

clien t to rotate to view the ob ject directly in fron t. Its v alue

of b eing cac hed in the storage is also lo w er. Preliminary

exp erimen ts ha v e sho wn that suc h a replacemen t sc heme

outp erforms traditional LR U replacemen t sc heme [6]. In

this pap er, w e in v estigate the e�ectiv eness of MRM using a

real protot yp e, taking in to accoun t of the view er and ob ject

scop e information.

There can b e di�eren t form ula to calculate the access

score, S

o;V

, for an ob ject, o , with resp ect to a view er, V .

Since w e w ould lik e to ha v e as few parameters to b e adjusted

as p ossible, w e ha v e dev elop ed the follo wing form ula with

only a single adjustable parameter ! (0 � ! � 1). Using

the notations in Figure 2, S

o;V

is de�ned as:

S

o;V

= ! (1 �

D

o

� r




o

r




V

) + (1 � ! )(1 �

j �

o

j

�

) :

When the ob ject with the lo w est access score is selected

for replacemen t, w e will not remo v e the whole ob ject from

the storage cac he immediately . Rather, its extra resolution

detail will b e reduced to its optimal resolution b y remo v-

ing all the extra progressiv e records. This will mak e ro om

for the incoming ob jects. If there is still not enough ro om

to accommo date the new ob jects, the ob ject with the next

lo w est access score will b e selected for replacemen t and this

pro cess will b e iterated.

When there is still not enough ro om to accommo date the

new ob jects ev en after all cac hed ob jects ha v e b een reduced

to their optimal resolutions, all progressiv e records of the

ob ject with the lo w est access score will b e remo v ed from the

storage cac he, lea ving only the base mesh of the ob ject at

its minim um resolution. Again, this pro cess will b e iterated.

Finally , the base mesh of the ob ject with the lo w est access

score will b e remo v ed if there is still not enough ro om. This

pro cess will b e iterated un til enough ro om is allo cated for

all new ob jects.

This m ulti-resolutio n replacemen t sc heme tries its b est

to k eep a coarse resolution of an ob ject in a clien t's storage.

This pro vides a view er with a m uc h b etter visual p ercep-

tion since all or most of the cac hable ob jects could b e seen

instan taneousl y , ev en though they ma y only b e at a lo w res-

olution.

4.3 Prefetching Mechanism

T o enable prefetc hing, the serv er main tains a separate pro�le

for eac h view er V , con taining the set of historical movement

ve ctors , f ~m

1

; ~ m

2

; : : : ; ~ m

n � 1

g . Eac h v ector is calculated from

the corresp onding view er's lo cation and orien tation, con-

taining a mo ving direction and a mo ving distance. When

V mo v es to a new lo cation, l oc

n

, with a new orien tation,

the n

th

mo v emen t v ector, ~ v

n

, is calculated. The serv er at-

tempts to predict the n +1

th

mo v emen t v ector, ~m

n +1

, of V

and transmits ob jects that w ould b e cac hable if V w ere at

l oc

n +1

, in addition to the cac hable ob jects at l oc

n

. This

w ould sa v e future requests to the serv er if the prefetc hed

ob jects are indeed required b y the clien t.

W e prop ose three di�eren t sc hemes to predict the next lo-

cation of the view er: mean , windo w , and exp onential w eighted

moving average ( EWMA ). The seman tics of these sc hemes are

depicted in Figure 3.

(a)

previous movement
vectors

      estimated
movement vector

mn-2

mn-1

mn
mn+1

(b) (c)

mn-2

mn-1

mn

mn+1

mn-2

mn-1

mn

mn+1

Figure 3 : Prediction of next mo ving direction:

( a ) mean , ( b ) windo w , and ( c ) EWMA .

In the mean sc heme, the next mo v emen t v ector, ~m

n +1

, is

predicted as the a v erage of the previous n mo v emen t v ectors,

as depicted in Figure 3( a ) with three mo v emen t v ectors. In

the windo w sc heme, eac h view er is asso ciated with a windo w

of size W , holding the previous W mo v emen t v ectors. The

next mo v emen t v ector is predicted as the a v erage of the

W most recen t v ectors. This is indicated in Figure 3( b ),

sho wing a windo w of size W = 2.

A problem for the windo w sc heme is the amoun t of stor-

age needed in main tainin g the mo v emen t v ectors within the

windo ws. T o a v oid the need of a mo ving windo w, and to

adapt quic kly to c hanges in view er mo ving patterns, our

EWMA sc heme assigns a w eigh t to eac h previous mo v emen t

v ector so that recen t v ectors ha v e higher w eigh ts and the

w eigh ts tail o� as the v ectors b ecome aged. A parameter

is the exp onen tially decreasing w eigh t, � . The most recen t

v ector will receiv e a w eigh t of 1; the previous v ector will

receiv e a w eigh t of � ; the next previous one will receiv e a

w eigh t of �

2

, and so on. This idea is depicted in Figure 3( c ),

indicating the predicted mo ving direction.

EWMA has b een sho wn to b e quite e�ectiv e in predicting

access probabiliti es of data items in database application s b y

adapting rather quic kly to c hanges of access patterns [25].

Ho w ev er, it migh t not p erform as satisfactory in this new

con text of predicting the next view er lo cation. This is b e-

cause the access probabili t y to a data item is b ounded b e-

t w een 0 and 1. EWMA is trying to incorp orate the e�ect

of the c hange in to the new estimate and the estimation er-

ror w ould normally not div erge. In this new con text here,

w e are using EWMA to predict a v ector, whose direction

is an angle with an un b ounded scop e, i.e., the angle can

increase inde�nitel y , for example, through con tin uous rota-

tion in a circle. Th us, EWMA ma y not b e able to cop e with

the \non-stationary" c hanges. W e need to explicitly cor-

rect the prediction with adjustmen t from residuals or error

predictions.

Let us denote the n

th

mo v emen t v ector b e ~m

n

and the

predicted n + 1

th

mo v emen t v ector b e ^m

n +1

. The residual

in eac h predication is ~ e

n

= ^m

n

� ~m

n

. W e consider the angle

b et w een ^m

n

and ~m

n

, denoted as �

n

= ar g ( ^ m

n

) � ar g ( ~m

n

),



Figure 4 : Arc hitecture of the protot yp e.

where ar g ( ~m ) is the argumen t of the v ector ~m in a complex

plane. ~m

n

can b e predicted b y rotating ^m

n

through an angle

of � �

n

, i.e., a m ultiplicati on b y e

� {�

n

. Since w e do not really

kno w �

n +1

when w e predict ^m

n +1

, w e m ust try to predict

�

n +1

as w ell. There can b e di�eren t w a ys of predicting

�

n +1

from the previous v alues of �

i

, namely , mean , windo w

and EWMA . Again, w e prop ose to use EWMA to compute

the prediction of �

i

at eac h step as w e compute ^e

i

. Th us,

^

�

n +1

= �

^

�

n

+ (1 � � ) �

n

, and ~m

n +1

= ^m

n +1

e

� {

^

�

n +1

.

5 Implementatio n

W e ha v e dev elop ed a protot yp e of the prop osed distributed

w alkthrough system. The protot yp e is mainly implemen ted

using Ja v a, due to its platform indep endence nature, ex-

cept for the Displa y Driv er. The Displa y Driv er is imple-

men ted using Op enIn v en tor, whic h w ould utilize the under-

lying graphics capabilit y of the clien t, if a v ailable, for b etter

p erformance. This is also b ecause when w e started our im-

plemen tation w ork of the system, Ja v a3D w as not a v ailable.

5.1 Architecture

As men tioned previously , our distributed w alkthrough sys-

tem is based on a clien t-serv er mo del. The arc hitecture of

our protot yp e is therefore divided in to t w o main parts, the

Client System and the Server System . The Clien t System

consists of 4 main comp onen ts as sho wn in Figure 4. The

ma jor functions of the comp onen ts are as follo ws:

� Client Manager : It serv es as the co ordinator of all

other comp onen ts at the Clien t System. All view er

inputs, suc h as translation or rotation, are directed to

and handled b y the Clien t Manager.

� Cache A gent : It con trols all the lo cal cac hes, includ-

ing the memory cac he and/or the storage cac he at the

Clien t System. Whenev er the clien t receiv es data from

the serv er, the data w ould b e cac hed via the Cac he

Agen t. The agen t will p erform cac he clean up at the

underlying cac he(s) when necessary . The Cac he Agen t

also main tains a Sc or e T able , con taining the access

score (see Section 4) of eac h ob ject in the lo cal cac he.

� Network A gent : It handles all the comm unications b e-

t w een the clien t and the serv er, and main tains the con-

nection b et w een the clien t and the serv er once a con-

nection has b een established b et w een them. It also

handles all the ob ject requests. The pro cess is imple-

men ted as a separate thread under the Clien t Manager

in order to reduce the resp onse time.

� Display Driver : It accepts input from the view er and

generate output images to b e displa y ed on the displa y

screen.

The Serv er System also consists of 4 main comp onen ts.

Their ma jor functions are as follo ws:

� Server Manager : It serv es as the co ordinator of all

other comp onen ts at the serv er side and handles all

clien ts' requests.

� Datab ase A gent : It main tains the database of the vir-

tual en vironmen t, and sends ob ject mo dels in the form

of progressiv e meshes or progressiv e records to a clien t,

up on receiving the request for ob jects from the clien t.

T o reduce the o v erhead incurred for determining the

set of cac hable ob jects within a view er scop e, the Data-

base Agen t main tains a Datab ase Index T able . The

table is indexed based on the virtual co ordinate and

a radius, whic h iden ti�es the set of cac hable ob jects

within the radius, cen tered at the co ordinate.

� Pr efetching A gent : It prefetc hes ob jects to clien ts based

on some historical mo v emen t v ectors of the clien t in

the form of user pro�les. These mo v emen t v ectors are

used to predict the next p osition of the clien t. A n um-

b er of prefetc hing metho ds are implemen ted including

mean , windo w , and EWMA .

� Network A gent : It handles all the comm unications b e-

t w een a clien t and the serv er, and main tains the con-

nection b et w een them once a connection has b een es-

tablished. It also handles all the ob ject requests b y

the clien t.

Figure 5 illustrates sample sessions with the protot yp e.

Figure 5 a sho ws a scene in the virtual en vironmen t. Fig-

ure 5 b illustrates the structure of the meshes for rendering.

Note that ob jects farther a w a y are represen ted b y meshes

with lo w er resolution. Figures 5 c and 5 d represen t the scene

and mesh structure when the view er mo v es forw ard, with an

increase in the resolution of the co w and the trees.

5.2 Client-Server Interaction

A connection-oriented proto col is used in the protot yp e. The

connection b et w een the clien t and the serv er w ould b e main-

tained once it has b een established to prev en t the extra

o v erhead incurred in further comm unications b et w een the

clien t and the serv er. F or connectionless proto col suc h as

HTTP , a connection b et w een the clien t and serv er has to b e

established ev ery time b efore an y data transmission. This

w ould increase the o v erhead and th us the resp onse time to

the view er.

When a clien t w an ts to connect to a serv er, the clien t

sends a NEW command, sp ecifying the size of its scop e and

the viewing angle. If the serv er accepts the clien t's connec-

tion, the serv er replies with the assigned Clien tID and other

parameters of the virtual en vironmen t to the clien t. As the

view er mo v es or rotates within the virtual en vironmen t, the

clien t sends an A CK command to the serv er, sp ecifying the

clien t's up dated lo cation and viewing direction. The serv er

replies with an ob ject ID list, sp ecifying all cac hable ob jects

that are within the new scop e of the clien t and the optimal

resolution required for eac h ob ject. If prefetc hing is used,

the IDs of the predicted ob jects w ould also b e included in

the list. Up on receiving the ob ject ID list, the clien t lo oks

up its cac he via the Cac he Agen t to iden tify the cac hed and



a b c d

Figure 5 : Sample sessions with protot yp e.

uncac hed information. An REQ command will b e sen t to

the serv er, requesting progressiv e records and/or progres-

siv e meshes of the cac hable ob jects from the serv er. When

the clien t stops the w alkthrough, a DONE command is sen t

to the serv er, closing the connection.

5.3 Progressive Mesh T ransmissio n

T o transmit a progressiv e mesh to the clien t, the base mesh

is transmitted �rst as a single unit. The clien t reconstructs

the minimal resolution mo del of the ob ject as it receiv es the

base mesh. Eac h subsequen t progressiv e record is transmit-

ted in order. Eac h record stores information for splitting an

edge of the ob ject mo del, thereb y increasing the resolution of

the ob ject mo del b y a small amoun t. As an edge is inserted

or split in a lo cal mesh, v ertices migh t need to b e divided as

w ell. This idea is illustrated in Figure 6. In Figure 6, as an

edge iden ti�ed b y the t w o v ertices, V

par ent

and V

child

, is in-

serted in to a lo cal mesh, some of the immediate neigh b oring

v ertices of V

par ent

are divided as w ell. The new v ertex V

child

b ecomes an immediate neigh b oring v ertex of V

par ent

while

some of the former neigh b ors of V

par ent

b ecome the immedi-

ate neigh b ors of V

child

. T o reduce the amoun t of information

needed to b e main tained in eac h progressiv e record for suc h

a v ertex division, a link ed list for eac h v ertex of an ob ject

mo del is main tained at the clien t. The link ed list p oin ts to

all immediate neigh b oring v ertices for eac h v ertex, ordered

in a clo c kwise direction.

edge split
Vparent

V left

V right Vparent

V left

V right

V child

T left
Tright

Figure 6 : A progressiv e record stores information

for an edge split.

The progressiv e record for the edge split op eration sho wn

in Figure 6 stores the h x; y ; z i p osition of V

child

, i.e., the

v ertex to b e inserted, and the ID of the paren t v ertex, i.e.,

V

par ent

. V

par ent

will then join with V

child

to form the in-

serted edge. W e also need to transmit the IDs of v ertices,

V

lef t

and V

r ig ht

. They help to iden tify the lo cations where

the t w o new triangles are to b e inserted to. The t w o triangles

are de�ned as T

lef t

= h V

par ent

; V

child

; V

lef t

i and T

r ig ht

=

h V

child

; V

par ent

; V

r ig ht

i . The t w o v ertices also help to di-

vide all the immediate neigh b oring v ertices in to t w o groups.

The data structure for our implemen tation of the progressiv e

mesh is sho wn in Figure 7.

Order of transmission

Base Mesh Edge Split 0 Edge Split 1 Edge Split n-1 Edge Split n
.  .  .

ID of Vchild X Y Z ID of V parent ID of V left ID of V rights

Figure 7 : The data structure of the progressiv e

mesh for transmission.

6 Results and Discussions

W e ha v e conducted some preliminary exp erimen ts to quan-

tify the p erformance of MRM replacemen t sc heme and the

e�ectiv eness of v arious prefetc hing sc hemes via sim ulation

as w ell as on the protot yp e. The purp ose of sim ulation is a

pro of of concept, allo wing us to exp erimen t the b eha vior of

the mec hanisms under div erse situations easily . The proto-

t yp e pro vides a study under a real situation. W e will �rst

presen t a sim ulated exp erimen t to illustrate the general b e-

ha vior of the cac hing and prefetc hing sc hemes, follo w ed b y a

more detail analysis of the p erformance of the mec hanisms

using our protot yp e.

W e c haracterize the p erformance of the cac hing and re-

placemen t sc hemes with t w o metrics: c ache hit r atio and vi-

sual p er c eption . Cac he hit ratio measures the p ercen tage of

b ytes of the renderable ob jects, i.e., those within the view-

ing region, that could b e retriev ed from the lo cal storage

cac he of the clien t. A high hit ratio is imp ortan t to reduce

reliance on net w ork and to pro vide service during discon-

nection. Visual p erception measures the relativ e degree (in

p ercen tage) of image qualit y exp erienced b y a view er just

after the mo v e. The visual p erception of a cac hed render-

able ob ject, o , is mo deled as a cubic function: 1 � (

B

o

� B

�

o

B

o

)

3

,

where B

o

is the exp ected size of ob ject o at its optimal res-

olution and B

�

o

is the size of the ob ject curren tly cac hed.

This de�nition of visual p erception is based on the fact that

when a view er mak es a mo v e in the virtual en vironmen t,

s/he w ould exp erience a high visual p erception if all ren-

derable ob jects could b e seen instan taneously (from cac he),

ev en at a coarse resolution. By con trast, a view er w ould

exp erience a lo w p erception if s/he needs to w ait for a long

time b efore all renderable ob jects could b e observ ed. A vi-

sual p erception of 100% is assumed when the the cac hed

mo del could pro vide the optimal resolution.



6.1 Exp erimental Environment

The same set of parameters are used in our exp erimen ts

under sim ulation and protot yp e, as listed in T able 1. In our

exp erimen tal en vironmen t, there are n virtual ob jects in the

database serv er. W e fo cus on a single serv er and a single

clien t in our study here. The e�ect of the n um b er of clien ts

on the p erformance of cac hing and prefetc hing sc hemes will

b e rep orted in the future.

Notation Description

n Num b er of virtual ob jects

N Size of storage cac he (p ercen tage of database)

! P arameter for determining access score (�xed at 0.5)

F

disk

Prefetc hing sc heme for storage cac he

W Windo w size

� Exp onen tially decreasing w eigh t (�xed at 0.5)

P Mo ving patterns of the view er

T able 1: P arameters listing for exp erimen ts.

The virtual en vironmen t is mo deled as a 2000 � 2000 squ-

are units in size. The n virtual ob jects are distributed uni-

formly among the square units, eac h con taining an a v erage

of

n

4000000

ob jects. The view er is assumed to reside at the

cen ter of the view er scop e. The viewing angle is set to b e 120

degrees, i.e.,

2 �

3

. The radius of the view er scop e is set to 10

units. Only storage cac he at the clien t is considered in our

exp erimen ts. The cac he size is equal to N % of the database

size. W e exp erimen ted with di�eren t prefetc hing sc hemes,

includin g no prefetc hing ( No Prefetch ), Mean , Windo w , and

EWMA . No Prefetch forms a base case for comparison. W e

exp erimen t with four windo w size, W , ranging from 1, 3, 5,

and 7. W e denote Windo w with windo w size, W , as Win -

W . W e refer to EWMA with residual adjustmen t enabled

b y EWMA-R , and EWMA with residual adjustmen t disabled

b y EWMA-NR .

W e exp erimen t with three mo ving patterns, P , of a view er,

as depicted in Figure 8. Eac h pattern con tains a sequence

of mo v emen t steps. The �rst pattern mo dels a constan t cir-

cular translation pattern ( CP ). The view er mo v es circularly

starting and ending at the same lo cation. Eac h mo v emen t

step includes a translation of 150 units along the viewing di-

rection, follo w ed b y rotating the viewing direction through

an angle of

�

15

, i.e., 12 degrees. A t ev ery p osition, the view er

rotates b y �

�

9

, i.e., � 20 degrees. This mo dels a situation

where a view er explores the virtual ob jects around him/her

for ev ery mo v emen t. The second pattern, called c hanging

circular pattern ( CCP ), mo dels the same pattern as CP ex-

cept that the mo ving direction c hanges with an angle of

�

36

, i.e., 10 degrees, after ev ery 4 mo v emen t steps. Finally ,

in the random mo ving pattern (random w alk or RW ), eac h

mo v emen t step is either a translation of arbitrary length or

a rotation of arbitrary angle.

Figure 8 : Mo ving patterns: ( a ) CP , ( b ) CCP , and ( c ) RW .

6.2 Exp eriments from Simulation

The purp ose of our sim ulation is to study the p erformance

of the cac hing mec hanism, with and without prefetc hing, on

v arious mo ving patterns. In our sim ulation mo del, there are

5000 virtual ob jects. Eac h ob ject is mo deled b y a progres-

siv e mesh, con taining a base mesh and a list of progressiv e

records. The n um b er of progressiv e records asso ciated with

eac h ob ject mo del follo ws a normal distribution with a mean

of 25,000 records and a standard deviation of 2,500 records.

Eac h progressiv e record has a size of 40 b ytes while eac h

base mesh has a size of 2KB. The database is appro ximately

5GB and the size of the storage cac he is �xed at 1% of the

database.

(a) Hit Ratios

74

76

78

80

82

84

86

88

CP CCP RW

Viewer Moving Pattern

H
it
 R
at
io
s 
(%
)

No Prefetch Mean Win-1 Win-3
Win-5 Win-7 EWMA-NR EWMA-R

(b) Visual Perception

80

82

84

86

88

90

92

94

CP CCP RW

Viewer Moving Pattern

V
is
u
al
 P
er
ce
p
ti
o
n
 (
%
)

Figure 9 : P erformance from sim ulation.

The measuremen ts of the metrics are depicted in Fig-

ure 9. W e observ e that ev en without prefetc hing, the cac hing

mec hanism p erforms reasonably w ell, ac hieving a hit ratio

ranging from 79% to 83% (Figure 9 a ). With prefetc hing, the

hit ratios could b e impro v ed b y up to 6%. W e observ e that

Mean is not v ery e�ectiv e in predicting future mo v emen ts,

p erforming similar to the base case, i.e., No Prefetch . Both

Windo w and EWMA p erform equally w ell in impro ving the

hit ratios of the cac hing mec hanism.

With resp ect to Windo w , a small windo w size results in

b etter p erformance under the CP and CCP mo ving patterns.

Under CP and CCP , the mo ving direction is alw a ys c hang-

ing, v ery often with a constan t angle. With a large windo w

size, aged mo ving v ectors will con tribute to the prediction of

the mo ving v ector, in tro ducing some noise in the prediction.

By con trast, under the RW mo ving pattern, eac h mo v emen t

step b ears a high degree of randomness. The small windo w

do es not capture enough information to predict the next

mo v emen t v ector. Therefore, the p erformance with a small

windo w size is not as go o d as that with a large windo w size

under RW .

EWMA exhibits a similar b eha vior. EWMA-R p erforms

b etter under the CP and CCP mo ving patterns. This is

mainly b ecause the angle deviation under these t w o mo v-

ing patterns exhibit a w ell de�ned pattern and is th us pre-

dictable. Under the RW mo ving pattern, the angle deviation

do es not exhibit a clear pattern and the residual correction

do es not seem to yield an y impro v emen t.

6.3 Exp eriments from Protot yp e

In our protot yp e exp erimen ts, the serv er runs on an Ultra-

Sparc 2 station with 128MB RAM. The clien t runs on an

SGI Indigo 2 station with 64MB RAM. W e study the b e-

ha vior of the cac hing and prefetc hing mec hanisms under a

real system and compare the relativ e p erformance against

the sim ulation. Due to space limitation , w e only presen t

t w o represen tativ e sets of exp erimen ts in this pap er.

6.3.1 Exp eriment #1

Our �rst set of exp erimen ts resem bles our sim ulated exp er-

imen t presen ted in Section 6.2. Ho w ev er, since running ex-



p erimen ts on a protot yp e is v ery time-consuming, w e reduce

the n um b er of ob jects, n , to 500 here. The a v erage size of

eac h ob ject is also reduced to 200KB. All other parameters

remain the same. W e hop e to b e able to compare the gen-

eral b eha vior of the mec hanism under a real system with

sim ulated b eha vior with this adjustmen t.
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Figure 10 : P erformance from Exp erimen t #1.

The measuremen ts of the metrics are depicted in Fig-

ure 10. F or the RW mo ving pattern, the general b eha vior of

the p erformance from the protot yp e is similar to that from

the sim ulation. The only di�erence is a sligh t increase in

hit ratios and visual p erception b y a few p ercen ts in the

exp erimen t, across all prefetc hing sc hemes.

F or other mo ving patterns, the impro v emen t in hit ratios

from EWMA seems to b e smaller than those brough t ab out

b y sim ulation. This is p erhaps due to the ob ject distribution

in the exp erimen tal en vironmen t. W e are still in the pro cess

of testing di�eren t ob ject distributions with rep etition, and

will rep ort our �ndings in the future. The impact on visual

p erception is similar to hit ratios, but at a smaller scale.

6.3.2 Exp eriment #2

In our second exp erimen t, w e study the e�ect of cac he size on

the p erformance of the cac hing and prefetc hing mec hanisms.

T o obtain a b etter understanding on the e�ect of cac he size,

w e further measure the a v erage resp onse and latency times.

Resp onse time refers to the amoun t of time sp en t from the

momen t a clien t initiates a query for renderable ob jects to

the momen t when the optimal resolutions of all renderable

ob jects are a v ailable. Latency time refers to the amoun t

of time sp en t b et w een the initiation of a query to the time

the base meshes of renderable ob jects are a v ailable at the

clien t. It measures the observ able dela y exp erienced b y a

view er when the view er mak es a mo v e.

In this exp erimen t, n is again �xed at 500 ob jects. The

mo ving pattern is �xed at CP . The size of the storage cac he,

N , ranges from 0% to 2% of the database. Other parameters

remain the same. Figure 11 depicts the results, with the

second ro w sho wing the resp onse and latency times of the

exp erimen ts. With a cac he size of only 0.5% of that of the

database, it is able to reduce resp onse and latency times of

the application to a quarter and a half resp ectiv ely , ev en

without prefetc hing.

W e observ e an increase in hit ratios and visual p erception

when the cac he size increases as sho wn in Figure 11. It is

simply b ecause a large cac he size is able to hold more ob ject

mo dels; th us, the c hance of hitting an ob ject mo del in the

lo cal cac he b ecomes higher. The impro v emen t in b oth hit

ratio and visual p erception from N = 0.5% to N = 1% is

v ery signi�can t. Ho w ev er, the impro v emen t seems to lev el

o� when cac he size increases b ey ond 2%. EWMA is also

p erforming more satisfactory , yielding similar p erformance

as in the sim ulation.

With resp ect to resp onse and latency times, they are

not as stable as hit ratio and visual p erception, due to their

hea vy dep endency on the a v ailable net w ork bandwidth when
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Figure 11 : P erformance from Exp erimen t #2.

the protot yp e is running. Ho w ev er, a general observ ation

can still b e dra wn ab out their relativ e p erformance. With

cac hing, latency time is usually in the order of a few sec-

onds. Compared with other prefetc hing sc hemes, the EWMA

sc hemes generally result in a smaller access latency . W e also

observ e that prefetc hing leads to a small impro v emen t in la-

tency . The resp onse time is ab out t w o to four times of the

latency , i.e., from 10 to 20 seconds with a cac he size of 1%

for all mo v emen t patterns, as in Exp erimen t #1, and higher

with a smaller cac he size, as depicted in Figure 11 c . Ho w-

ev er, when compared with no cac hing, cac hing alone could

impro v e the resp onse and latency times of the w alkthrough

application b y quite a few times (see Figures 11 c and 11 d ).

Prefetc hing also leads to impro v emen t in resp onse times.

Finally , with an increasing cac he size, impro v emen t to re-

sp onse and latency times is also observ ed.

7 Conclusions

In this pap er, w e ha v e describ ed our implemen tation of a vir-

tual w alkthrough system. W e describ e tec hnical c hallenges

that need to b e addressed in order to impro v e the p erfor-

mance of suc h kind of applications. As one alternativ e to

impro v e the p erformance, w e prop ose a cac hing mec hanism

that emplo ys the lo cal storage of a clien t mac hine to hold

remote ob jects residing at the database serv er. The cac hing

mec hanism is further complemen ted b y a prefetc hing mec h-

anism to predict ob jects accessed in future. The prediction

is based on the seman tics of virtual w alkthrough applica-

tion. The v arious prefetc hing metho ds are in v estigated for

p erformance and are sho wn to b e e�ectiv e.

W e are curren tly conducting more exp erimen ts to study

the p erformance of the cac hing and prefetc hing mec hanism

under di�eren t situations. In particular, w e are studying the

e�ect of m ultiple clien ts on the p erformance of the cac hing

mec hanism. W e are also in v estigating the situation when

ob jects are dynamic, i.e., an ob ject can mo v e within the

virtual en vironmen t. This further complicates our cac hing

mec hanism as the up dated lo cation of eac h dynamic ob ject

needs to b e re
ected in the ob ject mo del cac hed in eac h

clien t in a consisten t manner.
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