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Abstract—A distributed virtual walkthrough environment al-  Sample applications of this sort include virtual museum, virtual
lows users connected to the geometry server to walk through a |iprary, and virtual university [18]CyberWalk is a distributed
specific place of interest, without having to travel physically. This irt,a] walkthrough system, employing a standard client—server
place of interest may be a virtual museum, virtual library or virtual hitect Inf ti f virtual obiects. including their |
university. There are two basic approaches to distribute the vir- arc. itECUressin orma. IQIRORVIE u.a o J.ec S |nclu Ing their lo-
tual environment from the geometry server to the clients, complete Cations and geometric shapes, is maintained in a central data-
replication and on-demand transmission. Although the on-demand base server. A viewer using a client machine connected to the
transmission approach saves waiting time and optimizes network |nternet may access and visit the virtual environment provided
usage, many technical issues need to be addressed in order for theyy, the server. When the viewer walks through the environment,
system to be interactive. . ; : . s - :

CyberWalk is a web-based distributed virtual walkthrough information of virtual objects located within a visible distance
system developed based on the on-demand transmission approachfrom the viewer will be conveyed to the client machine for ren-
It achieves the necessary performance with amultiresolution dering. In general, virtual objects could be dynamic, changing
caching mechanism First, it reduces the model transmission their locations and orientations within the virtual environment.
and rendering times by employing a progressive multiresolution 4 ever, in this paper, we only focus on virtual environments
modeling technique. Second, it reduces the Internet response time h biect tatic. Th IOFberWalk is t id
by providing a caching and prefetching mechanism. Third, it where objects are stalic. . e goal@fberWa _'S 0 proviae
allows a client to continue to operate, at least partially, when the good performance, both in terms of responsiveness and reso-
Internet is disconnected. The caching mechanism a8yberWalk |ution, under the existing constraints of relatively low Internet
tries to maintain at least a minimum resolution of the object pandwidth and the large memory demand of virtual objects.
models in order to provide at least a coarse view of the ob_jects We are addressing several research issueGyiberWalk.
to the viewer. All these features allowCyberWalk to provide First virtual obiect tb deled i £ f
sufficient interactivity to the user for virtual walkthrough over the Irst, virtual objects must be modeied in a compact form so
Internet environment. as to reduce the storage space needed and the time required

In this paper, we demonstrate the design and implementation to transfer the objects from the server to a client. A compact
of CyberWalk. We investigate the effectiveness of the multires- modeling of virtual objects also has the benefit of fast retrieval
olution caching mechanism ofCyberWalk in supporting virtual oy secondary storage, both at the server and at a client. How-
walkthrough applications in the Internet environment through nu- t deli f virtual obiect il i
merous experiments, both on the simulation system and on the pro- ever, over-compac mode ”_19 of virtual objects _W' Increa_se
totype system. the overheads in compressing and decompressing the objects.

Index Terms—Distributed virtual environments, model fcybiiwilk e(;n;l)_loys]:tge ?-rsog_rrehsslver:ngltlreS(l)llutlon technlq.ue
prefetching, multiresolution caching, multiresolution modeling, oro Je_c mo e'ng_[ 1, [15]. e. ec n'qu_ef”l Ows progressive
virtual walkthrough. transmission of object models with only minimal overheads.

Second, with the limited bandwidth of the Internet, we need
to reduce the amount of data requested over the network for
faster response tim€yberWalk addresses this problem by em-

N A VIRTUAL walkthrough application, a viewer could ex- ploying caching and prefetching mechanisms. A caching mech-

plore a specific place of interest without having to traveinism allows a client to utilize its memory and local storage to
physically. The place of interest is usually modeled as a vigache currently visible objects that are likely to be visible in the
tual environment, containing a vast number of virtual objectsear future [10]. A prefetching mechanism allows a client to pre-

dict objects that are likely to be visible in the future and obtain
) . ) _the objectsin advance to improve response time. A good caching
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The rest of the paper is organized as follows. Section Il triangle modell Ri ‘ R, ‘ Rt ' R,
presents a survey on relevant research. Section Il presents the o )
design ofCyberWalk in detail. Section IV discusses the im- base mesh progressive records

plementation of our experimental prototype system. Section V
guantifies the performance of our caching and prefetching Fig. 1. Structure of a progressive mesh.
mechanisms with several experiments@yberWalk. Finally,

;is:gbcv(\)/rlkconcludes our paper with a discussion on pOSSIk?Ieender an object at its full resolution. Hence, there will be situ-

ations that we need to transfer less than a page of information
and situations that we need to transfer more than a page of in-
Il. RELATED WORK formation. A more dynamic granularity for caching is therefore
In this section, we summarize existing work in three differefteeded in a distributed virtual environment. To combat frequent
areas which are fundamental to our work. First, we briefly logkétwork disconnections of the Internet, a storage cache, which
at the strengths and limitations of existing distributed virtud1as the advantage of persistence, may be established. When dis-
walkthrough systems. Next, we summarize related multiresofRnnected fr(_)m th_e server, a client can still operate on the cached
tion methods for object modeling. Finally, we point out the rgdatabase objects in its local storage.
tionale for employing replacement and prefetching techniques
in CyberWalk. B. Multiresolution Modeling
In a distributed environment, rendering a complex object at a
A. Distributed Virtual Walkthrough Systems client is computationally expensive. From the perspective of a

Two main approaches have been proposed to distribute virtfi§Wer in the environment, distant objects appear smaller than
objects from the server to the clients in distributed virtual realif)earPy objects after perspective projection. Most details of a dis-
applications [25]. Most systems, such as DIVE [4], SIMNE nt object are actually not visible to the viewer. Hence, itis only
[2], and VLNET [20], employ aomplete replicatiompproach necessary to' represe.nt the objegt at a resolution high enough
to distribute all geometry data to the clients before the start (¥ @ 9iven viewing distance. This could reduce not only the
the application. Since the geometry database is usually largé§Rdering time, but also the transmission delay and the storage
size, this approach assumes the use of a high speed netwhCe required at the clierityber Walk employs multiresolu-
in order to reduce preloading time and may not be suitable f6fn modeling techniques for caching and prefetching objects in

CyberWalk. A few systems employ then-demand transmis- a client at various granularities, with nearby objects at higher
sionapproach to distribute geometry data to the clients [9], [22ffSClution and distant objects at lower one.
A method referred to aprogressive meshesas recently

[24] at runtime. When the virtual environment is large, a viewer X ‘ Y
would likely only visit a small section of it. This approach reproposed to encode object models for progressive transmission

quires only the visible region of the environment to be trankt2]: The method is based on two operaticesge collapséor

mitted to the client and can thus reduce startup time and n@qgucmg model resc_)lunqn, aratige splitor Increasing model _
work traffic. It, however, introduces a number of problems. IFesolution. Each object is modeled as an ordered list. The list

particular, we need to fetch the visible objects from the ser/Bf9ins with a minimal resolution model of the object, referred
in advance so that they can be available in the client when tH@2S thebase mesfEach subsequent record in the list, referred
are needed, in order for the walkthrough application to be iff @S @progressive recorgstores information of an edge split.
teractive. In [27], this interactive problem was addressed ag 3¢ Structure of a progressive mesh is shown in Fig. 1. If
scheduling problem, with emphasis on deadline and admissith aPP'Y each pfogfess"’e recgrd to thg base mgsh In ‘?rqeﬂ
control of clients to sustain certain level of quality of servicdN€ object model will gradually increase in resolution until it
However, the research work did not consider the client cacfgches the maximum. Conversely, the method may begin with
and, more importantly, did not make use of the multiple gran?€ highest resolution model. If we apply each of the records in
larity of the object models, which constitute two major sourcd§Verse order, which is equivalent to an edge collapse operation,
of performance improvement iiyberWalk. We address this Fhe object model Wlll.gradually decrease in resolution until
interactive problem as well as related problems, such as cdnréaches the resolution of the base mesh. We have recently
tinued viewing service in momentary network congestion artfveloped a similar method independently [13], [15].

client disconnection, with a number of solutions as will be de- ) )
scribed in Section 111 C. Replacement and Prefetching Techniques

In a conventional client-server database environment, datdf a client can provide unbounded disk storage and wait for
objects are usually transferred from the database server ta possibly very long preloading time, we could transmit all vir-
client on a per-page basis [3], [10]. This is primarily becaugaal objects in the environment to the client before starting the
the server’s storage is also page-based. The overheads for trarmdkthrough. This approach is adopted by some existing dis-
mitting one item or a page are similar. In a distributed virtual etributed virtual walkthrough systems [2], [4], [20]. However, a
vironment, virtual objects are represented usibgect models more realistic situation is that the available cache storage and
These models are usually large in size, occupying possibly mpteloading time are limited. Furthermore, preloading a large
tiple pages. The cost to transfer them in their entirety via the Isection of a database would saturate the network with unnec-
ternet is very high. Furthermore, we might not always need éssary traffic, depriving other clients of their service. To avoid
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this bandwidth over-utilizationyber Walk employs cache re- affinity and a prefetching mechanism to predict those that will
placement policy to retain only frequently accessed objectslikely be accessed in the near future.
the cache and prefetching mechanisms to prefetch only potenCyberWalk possesses several advantages over previous
tially visible objects in order to reduce access and rendering Epproaches. First, previous approaches use an LoD method
tency. [21] for model transmission. Redundant information will be
In[8], various cache replacement policies have been proposeaht over the network, since multiple models of the same object
and their suitabilities in a conventional database system hatedifferent resolutions need to be transmitted. Our method
been examined. Policies such as Least Recently Used (LRU) amglies the progressive mesh technique for model transmission.
Least Reference Density (LRD) are being used widely. Theli® redundant information needs to be sent across the network.
policies are derived from their counterpart in operating systen®&econd, the importance of an object is calculated based not
In the context of databases, the Most Recently Used (MROhly on the distance of the object from the viewer, but also
policy is also occasionally adopted to cater for cyclic data aon the size of the object concerned, the depth of sight of the
cess behavior. These policies are all page-based, due to the logwer, and the resolution of the viewing device, allowing
ical mapping made by the database or operating system to the object models to be rendered at the lowest cost. Third,
physical storage. In general, the performance of individual rear caching mechanism differs from conventional caching
placement policies is sensitive to the characteristics of queriegchanisms [3], [10], [23] in that objects could be cached
initiated. A general conclusion on the performance of the rat multiple granularities. Cache replacement is also based on
placement policies cannot be made. In practice, replacemehject access patterns rather than on the conventional LRU
policy is often approximated by the LRU policy in conventiongbolicy. Finally, the performance of the walkthrough application
caching [3], [10], [23]. In [22], we show that LRU policy is notis further improved by predicting the future movement of the
appropriate in a context where objects accessed by a client migietver and prefetching objects in advance.
change over time. Rather, the semantics of data access is more
important in defining the replacement policy. We therefore ne%j
to develop a more appropriate replacement policy based on the
semantics of accesses in a walkthrough environment. This ha¥o minimize the amount of data needed to be handled, most
been shown to be effective in our preliminary work [7]. Furexisting methods consider only tlegea of interesAOI) of
thermore, we have also noticed in [5] that prefetching could beviewer [9], [17], [21]. If an object falls inside the AOI of a
very beneficial in improving the performance of database apiewer, the object is considered visible to the viewer. Other-
plications if the prefetching is performed intelligently. In [14]wise, the object is considered too far to be visible. Although
prefetching has been adopted to reduce the expected accesstiiwee methods can quickly eliminate invisible objects, they do
to a sequence of web page accesses. Experimental results h@teonsider the object size. Hence, a mountain located just out-
demonstrated the benefits brought about by prefetching.  side the AOI of a viewer may still be visible to the viewer, but
is considered as invisible, while a tiny object such as an insect
located just inside the AOI of a viewer is unlikely to be visible
IIl. DESIGN OF CyberWalk to the viewer, but is considered for visibility. The former situa-
tion may result in a sudden appearance of large objects, and the
In CyberWalk, each virtual object is stored in the databadatter situation may result in a waste of processing time.
server at its maximum resolution in the form of a progressive To overcome this limitation, we generalize the AOI concept
mesh. The use of such a multiresolution method allows the datia-both viewers and objects. We call theriewer scopeand
base server to transmit an object model at a resolution just higitiect scopeWe denote the viewer scope for viewéy Oy
enough for rendering. This could save scarce Internet bandwidiind the object scope for objeatby O,. A viewer scope is
from transmitting extra details of distant objects. The resolgimilar to AOI. It indicates the depth of sight of a viewer, i.e.,
tion of an object model at a particular point in time is detehow far the viewer can see. A viewer with a good eyesight or
mined by its distance from the viewer and its angular distanequipped with a special device may be able to see objects that
from the viewer’s line of sight. However, it would be expenare further away, and therefore may be assigned with a larger
sive to determine the resolution of every object within the viscope. A short-sighted viewer may only be able to see nearby
tual world whenever the viewer makes a movement. In practiadyjects, and therefore may be assigned with a smaller scope.
the number of objects that are visible to a viewer is limited, démn object scope indicates how far an object can be seen. A large
pending on the depth of sight of the viewer. Hence, we coutibject has a larger scope and a small object has a smaller scope.
further minimize the number of objects needed to be handledgeneral, a viewer may also be considered as an object and
in each frame by associating the concept of depth of sight wilssigned with an object scope in addition to the viewer scope.
each viewer. Objects beyond the depth of sight of a viewer willhis object scope of the viewer will define how far the viewer
not need to be transmitted from the server to the client, nor dan be seen by another viewer in the virtual environment. This
they need to be rendered. ftyber Walk, the depth of sight of a approach is somewhat similar to the one proposed by [11]. In
viewer is modeled by the idea object scopandviewer scope CyberWalk, we define a scope as a circular region. Therefore,
To further reduce the dependency on the Internet, to lower tbach scope (object or viewer) is characterized by a radius.
transmission delay, and to support disconnected operation, wén object may be visible to a particular viewer only when
have incorporated a caching mechanism to retain objects of hitgiscope overlaps with the viewer scope. When the two scopes

Object Scope
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viewing region

object scope object scope object scope

viewer scope object o

object scope
just touches
viewer scope

viewerV. e
Do,max ™

viewer scope ..object o

. ) ) ) ) ) object scope
Fig. 2. Interaction between the viewer and the objects in the virtua

environment.

overlap, the object’s distance from the viewer and the object’s Fig- 3. Visual importance of an object to a viewer.
angular distance from the viewer’s viewing direction are used to

determine the resolution, called tbptimal resolutionat which  viewer’s line of sightgy, is denoted by,,, where—r < 6, <
the object should be rendered. If an object is rendered at a resol, can be defined as

lution higher than this optimal resolution, the additional details 9

will not be easily noticeable to the viewer. By contrast, if an j — (M) e~ Holfol 0 < D, < Dymax. (1)
object is rendered at a resolution lower than this optimal reso- Do max ’

lution, the image quality of the rendered object as perceived IWne first term models the effect of the distance betweandV
the viewer drops rapidly [6]. Such perceived image quality | n1,. HigherD, results in a lowel,. The second term models

calledvisual perceptionThe interaction between a viewer an he effect of the angular distance @from the viewer's line of

the virtual environment is illustrated in Fig. 2. In addition to th%ight onl,. Higherd, results in a lowet,. Since this relation-
viewer scope, each viewdf is also associated with\dewing ship is not a linear one, a constdxy is introduced for adjusting

directiondy , a locatiorlocy, anq aviewingregion. The VIEWing .o o crement rate of the model resolution due to the increase
direction defines the viewer’s line of sight. Given the location

a viewer, all virtual objects whose object scopes intersect with;

the viewer scope are potentially visible to the viewer. These 0\;?nll affect the performance of visual importance estimation and

jects will be associated with the highest priority for caching 'Hence caching and prefetching performance. We determine here
the client’'s memory and we refer to themaeechable objects t&ﬁl X

The value ofK, in (1) must be chosen carefully because it

X . . e value ofK, for an optimal visual importance distribution.
Eyen though some objects may be Ioc_atgd behind the viewer, ation (1) can be rewritten as follows:
viewer should be able to see them within a very short moment
simply by a brief rotation. The viewing region is a sub-space
of the viewer scope and is captured byiawing angle All
cachable objects within the viewing region are considered for
rendering at their optimal resolution, and we refer to them asLet#, be the angular cutoff point where the visual importance

D,

0,max

I, = (1 —r)%e Kelfel where r =

)

renderable objects would be assumed to be effectively reduced to z&rpbe the
volume of, within 6,,, and®, be the volume of, beyondd,,.
B. The Optimal Resolution We now try to findK, such thatb,, is maximized:
The optimal resolution of an object model can be determined
according to thevisual importanceof the object to the viewer. wax ([ [ @yde — [ [ D,dx)
In [16], we have identified several factors that may affect the vi- @)
sual importance of an object. Those factors can all be considered ,d —kalbol gy dp,
here. However, for the sake of clarity, we only consider two of // r= / / "
those factors, which are relevant to the contex@gber Walk. kol
The first one is the distance factor. If an object is far away from - 12K B ¢ -1 )
the viewer, the object may be considered as visually less im-
portant. The second one is the line of sight factor. Studies have //<I> dx = / / ~kolbol g qg,

shown that when an object is located outside the line of sight, the
viewer is unable to perceive much detail from the object [19], = (e Hom ko 16 h. (5)
[26]. Degradation of peripheral visual details can improve ren- 12Ko
dering performance and reduce perceptual impact. In our im-gypstitute (4) and (5) into (3), and perform a differentiation
plementation, we assume that the viewer’s line of sight is at tRgestablishf’( K, ) = 0:
center of the screen.
Fig. 3 depicts visual importandg of objecto to viewerV'. 2(6—1(09})(1 + Koév) — "1+ Kr) —1=0.
D, is the current distance betweerand V', while D, .y is
the distance between them when their scopes just overlap. Sinc8olving for f'(K,) = 0 with 6, = 120°, we getK, =
a scope is defined as a circular regidn, ... is the sum of 1.5317 such that the visual importance for objects within the
the radii of the two scopes. The angular distance fsbm the stereo vision will be optimal. The perspective view, top view,
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Fig. 4. Visual importance distribution.

front view and side view of the visual importance distributiomre sent to the client machiidé Depending on the sizes of the
are illustrated in Fig. 4. virtual environment and the local cache, we may also preload the
In CyberWalk, visual importancd, of objecto is used to de- base meshes of all or some of the objects in the environment.
termine the optimal resolution of its model. In effelGtindicates  Since the size of a base mesh can be as small as 0.1% of that
the percentage of progressive recordsraquired to be rendered of the full resolution model, preloading the base meshes may
in addition to its base mesh. During the walkthrough, we contineduce the system latency at the cost of only slightly increased
uously determine those cachable objects. When an object scppdoading time.
touchesthe perimeter ofthe viewer scasvillbeequaltoOand  Atthe client, the size of the viewer scope and the cachable ob-
the optimal resolution of the object will be equal to its base meslacts are determined. The cachable object models at their optimal
which provides the minimal resolution of the object. As the olresolutions are then transmitted¥oAs the viewer moves within
jectmoves closer to the viewer or to the viewer’s line of sight, ithe environment;’ continuously determines the cachable objects
optimal resolution increases. Extra progressive records are thgeach step. Each cached objeistassociated with a resolution
transmitted to the clientif they are not already available from the* indicating its current highest possible resolution available for
local cache, so that the resolution of the object model can be fanderingC will then generate sequest lisfor the cachable ob-
creased to match with its optimal resolution. jects not in the local cache. Each entry of the request list con-
tainsid, (ID of 0), R%, andR, (expected optimal resolution of
C. The Cache Model 0). The server then transmits the outstanding progressive records
At the start of the walkthrough, the locations of all objectand/or base meshesdgwith renderable objects transmitted be-
in the virtual environment and the radii of their object scopdsre other cachable objects.
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Fig. 5. Prediction of moving direction using (@)ean, (b) window, and (C)EWMA.

Models received by’ will be cached in the local storage. Ifits base mesh. Again, this process will be iterated. Finally, the
the storage is exhausted, will employ a replacement policy base mesh of the objects with the lowest scores will be removed.
to identify victim objects to be discarded. Aatcess scorés This multiresolution replacement scheme tries its best to keep
determined for each object indicating the prediction of its futuiat least the base meshes of the cached objects in the client’s
access affinity. An object will be cached if it has a higher scoreache storage. This provides the viewer with a much better vi-
Some progressive records of the cached object with the lowsatl perception since all or most of the cachable objects could
score will be reclaimed, i.eGyberWalk will try to decrease the be seen instantaneously, even though they may only be visible
resolution of cached objects with lowest scores. It also attemptsa low resolution.
to further improve the performance by prefetching objects likely
to be accessed in the future, by predicting the next location alad Prefetching Mechanism

viewing direction of the viewer based on his/her past movementTo enable prefetching, the client maintains a profile of the

profile. viewer, containing the list of historicalhovement vectors
{m1,Ma,...,My_1}. Each vector is calculated from the
D. Multiresolution Replacement Scheme viewer's moving direction and location at a particular time.

CyberWalk employs theMost Required MovemeRM) When t_he viewer moves to a new Iocqtimn wit_h a new
replacement technique. Normally, the farther an object is fropfientation, then th movement vectorii,, is determined. The
the viewer, the longer it will take for the viewer to move to vievglient will then attempt to predict then + 1) th movement
the object in greater detail. Similarly, the larger the angular di¥ector asi,, 11 and request for the transmission of the objects
tance of an object is from the viewer's line of sight, the longer fhat would become cachable if the viewer werel@t, 1,
will take for the viewer to rotate to view the object directly in thd" @ddition to the cachable objects lat,. This would save
front. Both lead to a lower value in caching the object. Simulatddture requests to the server if the prefetched objects are indeed
experiments have shown that such a replacement scheme Befiuired by the client. _
performs traditional LRU replacement scheme [7]. In this work, Possible prediction schemes includ@an, window and
we have incorporated the idea of the object scope and the viek&¥ MA, as shown in Fig. 5. In therean scheme, the next
scope for visibility determination. movement vectorn, ., is predicted as the average of the

Among all possible formulae for calculating the access scopEeviousn movement vectors, as depicted in Fig. 5(a) with
of an object, we prefer a simple one to model the line of sigHirée movement vectors. In theindow scheme, each viewer
and the distance factors. The simplest formula is a weighted &y-8ssociated with a window of si2¢’, holding the previous
erage of the input factors. To make these factors comparable, ffemovement vectors. The next movement vector is predicted
normalize them with their reference values. The distance facft the average of thié” most recent vectors. This is indicated
is normalized by the sum of the radii of the viewer scope artd Fig. 5(b), showing a window of siz8” = 2. A problem for
the object SCOPED, max). The line of sight factor is normal- th.e window scheme is that all movement vectors within the
ized by the maximum angular distance from the viewer's lin@indow have equal effect on the prediction.
of sight (r). We have developed a formula for estimating the 10 better approximate the real movement, and to adapt
access score with a single parametgf < w < 1). Using the quickly to changes in the viewer’s moving patter@gher Walk

notations in Fig. 3, the access score of objeistdefined as ~ €mploys theEWMA (exponentially weighted moving average)
approach to predict the next location of the viewer. It assigns

D, 16,] exponentially decreasing weights to each previous movement
So = w (1 D, max) +(1-w) (1 N _> - (®) vector m,;. With parametera, the most recent vector will
’ receive a weight of 1, the previous the next previous?, and
When the object with the lowest access score is selected $oron. This idea is depicted in Fig. 5(c), indicating the predicted
replacement, we firstremove the extra progressive records of theving direction. The newrn + 1) th movement vector is
object to reduce its resolution to the optimal resolution. If theestimated agh,, 11 = army, + (1 — @)M,.
is still not enough room, the object with the next lowest accessEWMA has been shown to be quite effective in predicting
score will be taken and this process will be iterated. When theaecess probabilities of data items in database applications by
is still not enough room even after all cached objects have beshapting rather quickly to changes of access patterns [22]. How-
reduced to their optimal resolutions, all progressive records @fer, it might not perform as satisfactorily in this new context of
the object with the lowest score will be removed, leaving onlgredicting the next viewer location. This is because the access

™
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Fig. 6. Architecture oCyberWalk.

probability of a data item is bounded between 0 anBW.MA quests for a connection, the Network Agent creates a separate
is trying to incorporate the effect of the change into the new eGlient Handler thread to serve the client.
timate and normally, the estimation error would not diverge. In The Client Subsystem consists of five main components. The
the new context here, we are usii§vMA to predict a vector, Client Managerserves as the coordinator of all other compo-
whose direction is an angle with an unbounded range, i.e., thents at the Client Subsystem. All viewer inputs, such as trans-
angle can increase indefinitely, for example, through continuoladion or rotation, are directed to and handled by the Client Man-
rotation in a circle. ThusEWMA may not be able to cope ager. TheCache Agentontrols local caches, including memory
with the “nonstationary” changes. We need to explicitly correctache and disk cache at the client. All geometry data would be
the prediction with adjustment from residuals or error predicached via the Cache Agent. The agent maintaBsoae Table
tions. The residual in predication at,, is ¢, = m, — m,. containing the access score of each object in the local caches.
We consider the angle betweer, andni,,, denoted ag,, = ThePrefetching Agenprefetches objects from the server based
arg(my,) — arg(m, ), wherearg(m) is the argument of vector on historical movement vectors of the client in the form of a
m in a complex planem,, can be predicted by rotating:,, viewer profile. TheNetwork Agensupports the communication
through an angle of ¢,,, i.e., a multiplication by:=*?~. Since between a client and the server, maintaining the connection be-
we do not really knowp,,.1 when we predictn,,+1, we must tween them once a connection is established. It is implemented
try to predicté,,+1 as well. There can be different ways of preas a separate thread under the Client Manager to exploit exe-
dicting¢, 11 fromthe previous values gf,. Again,CyberWalk  cution concurrency. ThBisplay Agenticcepts inputs from the
usesEWMA to compute the prediction; of ¢; in each step viewer and generates output images for display.
as we compute;. Thus, ¢,11 = ad, + (1 — a)¢,, and Except for the Display Agent, the prototype is implemented
Mini1 = Mppie” P71, We call this theEWMA-R (EWMA  using Java, due toits platform independence nature. The Display
with residual adjustment) scheme, since it involves the adjugtgentis implemented using OpenGL, as it would utilize the un-
ment to the direction of each movement. derlying rendering capability of the client machine, if available,
for better performance.

IV. IMPLEMENTATION OF CyberWalk A. Client=Server Interactions

The architecture ofCyberWalk is composed of two main A connection-oriented protocol is used in the prototype. The
parts, theClient Subsysterand theServer Subsysteras shown connection between a client and the server is maintained once
in Fig. 6. The Server Subsystem consists of four main compiohas been established. This is easily implemented by Java Re-
nents. Th&erver Manageserves as the coordinator of all othemote Method Invocation. We decide to implement our own pro-
components at the Server Subsystem and handles all clientstoeol instead of employing the standard HTTP protocol since
quests. Th®atabase Agenhaintains the database of the virtuaHTTP requires a new connection to be established between the
environment. It is also responsible for identifying and sendindient and server every time before a data transfer. This would
the relevant object models to the client in the form of progresicrease the response time of the system.
sive meshes, upon receiving requests from it. Thient Han- When a client wants to connect to a server, the client sends
dler receives requests from each client, processes the requasdEW command, specifying the size of its scope and the
and sends the requested data back to the client. Itis implementeslving angle. If the server accepts the connection request,
as a separate thread for each connected client to reduce resptiresserver replies to the client with a new ClientID and some
time. TheNetwork Agenhandles all communications betweerstartup information, such as the radii of object scopes and the
each client and the server. It also maintains the connection pesitions of all objects within the virtual environment. As the
tween them once a connection is established. When a clientveawer moves or rotates within the virtual environment, the



510 IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 5, NO. 4, DECEMBER 2003

client sends alREQ command to the server followed by a
request list, requesting for the outstanding progressive recol
and/or base meshes of the cachable objects. If prefetching
used, the IDs of the predicted objects would also be include
in the list. In return, the server will send arCK signal to the
client followed by the list of requested records and meshes.
Note that there is a slight variation here from our previou
work [6] in the way we distribute the tasks between a client ar
the server. In our previous work, we did not want to make the
assumption that the viewer had a fast client machine. Hence,
the server was responsible for determining the cachable objects
and running the prediction algorithm. When a viewer move:

edge split
—_—

Vet

Fig. 7. Example of an edge split operation.

Order of transmission

the client first sent its new location to the server. The serv
would then send a list of IDs of the cachable objects and their ¢ [ #° " | Bdoe Spiito | Edge Spit, | - - - |Edge Spity,; | Edge Spit
timal resolutions to the client. Upon receiving the list, the clier T T
would determine and send the request list of outstanding p T e B B SR -
1 IDof Vg | X | Y | z | ID Of Viparent | 1D OFV g | 1D Of V igny

gressive records/base meshes of those cachable objects. B
on this list, the server would forward the outstanding data to the
client. Although this approach requires minimal computation at ~ Fig. 8. Data structure of the progressive mesh for transmission.

the client machine, it increases the network traffic and causes

two roundtrip delays. The delay becomes serious as the trafiure as predicted by the prefetching mechanism. These three
mission distance between the client and the server increasegiups define a total order of transmission: renderableon-

this implementation, we have decided to offload the tasks to thﬁqderab|e< prefetch, where< denotes the C|ass'precedes
client machine, which is becoming more and more powerful lation [1]. In other words(yberWalk guarantees that pro-

recent years. This causes only a single roundtrip delay. gressive meshes of the renderable objects will be transmitted
before those of the nonrenderable objects, which in turn, will be
B. Database Structure and Organization transmitted before those of the prefetch objects.

In order to provide fast response to client requests, virtual o_b-T0 transmit a progressive mesh to the client, the base mesh

jects must be organized and maintained in the server in a V\}a}}ransmitted first as a single unit. The client reconstructs the

that facilitates efficient retrieval. We store each object in tH nimal resolutu_)n model of the object as it receives the base
virtual environment into two database files. tmesh filecon- MeSh. Progressive records are then transmitted in order. Each

taining the base mesh and tieeord filecontaining all the pro- recolrdt§torefst|t:1for[)natltc>n ogarlls dge sphltl, thereb)t/ w;grer;tswgg the
gressive records of the object. resolution of the object model by a small amount. Fig. 7 shows

When the virtual environment is complex, it will most Iikely_an example of such an operation. After an edge ?p“t’ one vertex,
s Venita, one edge, i.e{Vparent Venita), and two triangles, i.e.,

contain a huge number of virtual objects. Identifying the set 5F- a7 ' tod into th del. (Note that at th
cachable objects with respect to the current position of a viewerft andlighe, are inserted nto the model. ( ote that at the
will be expensive since the Client Manager has to examine gHrface boundary, only one triangle is inserted into the model.)

virtual objects to determine if their object scopes overlap with We use Fig. 7 as an example to e>_<p|a|r_1 the da_ta struc-
the viewer scope. To reduce the cost of scope comparison, &€ of a progressive record §hown n_Fig. 8.‘ First, we
have adopted a simple indexing method. We divide the virtAfed 10 store the,y, z) coordinates of the child vertex
environment into two-dimensional (2-D) square cells. Each celf"ild to be inserted into the model and the ID of the parent
is a pointer to a list of object IDs. These IDs indicate object€/ X Vparent- Voarent will join with Veyja to form the
whose scopes overlap with the cell. To determine the cachamgerted edge. We also need to mcIyde t.he IDs of tvyo ver
objects, we may simply identify the cells that the viewer scop& > Vienn and Vi, They help to identify the locations

overlaps with the objects and the objects IDs found in these ce?EsWhl'Ch the t(‘iN(; ne(;/va'ganglis a‘r/e to bi/lnseged. Thz two
will simply indicate the cachable objects. rangles are define lett. = (Vparent, Venitd, Viere) @n

Tright = (Venilds Vparent, Viight). When insertingVcniiq, some
neighboring vertices of,,.ent Will move to become the neigh-
boring vertices ofV.,i1a. TO be able to divide the neighboring

In CyberWalk, a client machine would continuously requestertices during an edge split, we maintain a linked list for each
the server for objects that are not available in local cache, \&stex of the object model at the client. Each linked list points
the viewer moves around the virtual environment. These @ all immediate neighboring vertices of the parent vertex,
guested objects from the server can be classified into three disdered in a clockwise direction. Given the IDs of vertices,
jointed groups, the renderable objects, the nonrenderable dhs andV;ign, the linked list is automatically divided into two
jects and the prefetch objects. The nonrenderable objects segments. As an examplBcs, Vi, Va, Viight, and Venig will
objects which are cachable but not renderable, i.e., cachable lobeome the neighboring vertices Bfarent While Viighe, Va,
jects which are outside the viewing region. The prefetch objedts, Vs, Viest, andVarent Will become the neighboring vertices
are objects which are expected to become cachable in the nafar.,,;q after the edge split.

C. Progressive Mesh Transmission
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Fig. 9. Sample session with the prototype.

Fig. 9 illustrates a sample session of the prototype. Fig. 9(hjs section. We first present a simulated experiment to illustrate
shows a scene in the virtual environment. Fig. 9(b) illustratéise general behavior of the caching and prefetching schemes,
the corresponding model resolutions, with distant objects refpllowed by a more detail analysis of the performance of the
resented by lower resolution models. Fig. 9(c) and (d) show arechanisms using our prototype.
increase in the resolution of the cow and the tree objects whenNe characterize the performance of the caching and replace-
the viewer moves forward. ment schemes with two metriosache hit ratioandvisual per-
ception Cache hit ratio measures the percentage of bytes of the
renderable objects, i.e., those within the viewing region, that
could be retrieved from the local storage cache of the client.

We have conducted extensive experiments to quantify the pArhigh hit ratio is important to reduce reliance on network and
formance of our multiresolution scheme with MRM cache rde provide service during disconnection. Visual perception mea-
placement and the effectiveness of various prefetching scheraeees the relative degree (in percentage) of image quality expe-
via simulation as well as on the prototype. The purpose of simenced by a viewer just after the move. The visual perception
ulation is a proof of concept, allowing us to experiment the bef a cached renderable objects modeled as a cubic function:
havior of the mechanisms under diverse situations easily. The- (B, — B}/B,)?, whereB, is the expected size of object
prototype provides a study under a real situation. Due to pagat its optimal resolution and; is the size of the object cur-
limit, we present only a representative subset of experimentsrently cached. This definition of visual perception is based on

V. RESULTS AND DISCUSSIONS
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TABLE | around him/her for every movement. The second pattern, called
PARAMETERS LISTING FOR EXPERIMENTS changing circular pattern(CP), models the same pattern as
CP except that the moving direction changes with an angle of
Notation Description 10°, after every four movement steps. Finally, in the random
n Number of virtual objects moving pattern _(random walk atW ), each movgment step is
either a translation of arbitrary length or a rotation of arbitrary
N Size of storage cache (percentage of database) angle_
w Parameter for determining access score (fixed at 0.5) B. Experiments From Simulation
w Window size The purpose of our simulation is to study the performance of
the caching mechanism on various moving patterns, with and
E tially d i ight (fixed at 0.5 ) : . i ’
< xponentially decreasing weight (fixe ) without prefetching. In our simulation model, there are 5000

virtual objects. Each object is modeled by a progressive mesh.
The number of progressive records associated with each object
model follows a normal distribution with a mean of 25000 and

a standard deviation of 2,500 records. Each progressive record
has a size of 40 bytes while each base mesh has a size of 2 KB.
The database is approximately 5 GB and the size of the storage
cache is fixed at 1% of the database.

The measurements of the metrics are depicted in Fig. 11. We
observe that even without prefetching, the caching mechanism
performs reasonably well, achieving a hit ratio ranging from
79% to 83%. With prefetching, the hit ratios could be improved
the fact that when a viewer makes a move in the virtual enyj up to 6%. We observe thatiean is not very effective in
ronment, a high visual perception would be experienced if ?J?,edicting future movements, with performance similar to that
renderable objects could be seen instantaneously (from the Iggal o prefetch. BothiWindow and EWMA perform equally
cache) at a resolution close to the optimal one. The visual pgfa|| in improving the hit ratios of the caching mechanism.
ception would still be considered as good or acceptable if at aiin respect toVindow, a small window size results in better
minimum, the base meshes of the models are available Iocaﬁgfformance under théP and CCP moving patterns. Under
On the other hand, if some or all of the renderable objects ar¢ gng CCP, the moving direction is always changing, very
not visible until after a long period of waiting time, a low visuahften with a constant angle. With a large window size, aged

Fig. 10. Moving patterns: (&)'P, (b) CCP, and (c)RW.

perception is experienced. moving vectors will contribute to the prediction of the moving
_ _ vector, introducing some noise in the prediction. By contrast,
A. Experimental Environment under theRW moving pattern, each movement step bears a

The set of parameters used in our experiments are list@igh degree of randomness. The small window does not capture
in Table 1. We focus on a single server and a single client #nough information to predict the next movement vector. There-
our study here. The size of the virtual environment is set tore, the performance with a small window size is not as good
2000x 2000 square unitsn virtual objects are distributed as that with a large window size undgv. EWMA-NR ex-
uniformly among the square units, each containing an averdybits a similar behaviolWMA-R performs better under the
of n/(4 * 10°) objects. The viewer's viewing angle is set tdCP andCCP moving patterns. This is mainly because the angle
12C°. The radius of the viewer scope is set to ten units. Tigeviation under these two moving patterns exhibits a well-de-
cache size is set t9 % of the database size. fined pattern and is thus predictable. UnderliVé moving pat-

We experimented with different prefetching schemes, ifiern, the angle deviation does not exhibit a clear pattern and the
cluding no prefetching No Prefetch ), mean, Window, and residual correction does not seem to yield any improvement.
EWMA. No Prefetch forms a base case for comparison. In the )

Window scheme, we experimented with four Window size&- EXperiments From Prototype

W = 1,3,5,7. We denoteWindow with window sizeW as In our prototype experiments, the server runs on a Sun Ultra-
Win-W. We refer toEWMA with residual adjustment enabledSparc 2 workstation. The client runs on an S&digo? work-

by EWMA-R, andEWMA with residual adjustment disabledstation with 64MB RAM. We study the behavior of the caching
by EWMA-NR. We experimented with three moving patternand prefetching mechanisms under a real system.

of a viewer, as depicted in Fig. 10. Each pattern containsExperiment 1: Our first set of experiments resembles our
a sequence of movement steps. The first pattern modelsimulated experiment presented in Section V-B. However, since
constant circular translation pattef@’P). The viewer moves running experiments on a prototype is very time-consuming, we
circularly starting and ending at the same location. Each moveduce the number of objects, to 500 here. The average size
ment step includes a translation of 15 units along the viewing each object is also reduced to 200 KB. All other parameters
direction, and then a rotation of the viewing direction by 12 remain unchanged. We hope to be able to compare the general
At each step, the viewer rotates his/her headd®p°. This behavior of the mechanism under a real system with simulated
models a situation where a viewer explores the virtual objedishavior with this adjustment.
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Fig. 12. Performance from experiment 1.

The measurements of the metrics are depicted in Fig. MRith a cache size of only 0.5% of that of the database, the re-
For theRW moving pattern, the general behavior of the pesponse and latency times of the application are already reduced
formance from the prototype is similar to that from the simuo a quarter and a half respectively, even without prefetching.
lation. The only difference is a slight increase in hit ratios and We observe an increase in hit ratios and visual perception
visual perception by a few percent in the experiment, acrossaten the cache size increases. Itis simply because alarger cache
prefetching schemes. For other moving patterns, the improvgable to hold more object models; thus, the chance of hitting an
ment in hit ratios fromEWMA seems to be smaller than thabbject model in the local cache becomes higher. The improve-
brought about by simulation. This is perhaps due to the objanent in both hit ratio and visual perception frash= 0.5% to
distribution in the experimental environment. We are currently = 1% is very significant. However, the improvement seems
investigating this issue. We hope to be able to report our finth level off when cache size increases beyond 2%/ MA
ings in the future. The impact on visual perception is similar s also performing more satisfactorily, yielding similar perfor-
that on hit ratios, but at a smaller scale. mance as in the simulation.

Experiment 2: In our second experiment, we study the effect Response and latency times are not as stable as hit ratio and
of cache size on the performance of the caching and prefetchingual perception, due to their heavy dependency on the avail-
mechanisms. To obtain a better understanding of the effectadfle network bandwidth when the prototype is running. How-
cache size, we further measure the averagponse timandla-  ever, a general observation can still be drawn about their relative
tency timeof the prototype. Response time refers to the amoupérformance. With caching, latency time is around 0.25 s. Com-
of time spent from the moment a client initiates a query for repared with other prefetching schemes, th&/MA schemes
derable objects to the moment when the optimal resolutionsg#nerally result in a smaller access latency. We also observe
all renderable objects are available. Latency time refers to tthat prefetching leads to a small improvementin latency. The re-
amount of time spent between the initiation of a query to theponse time is about 50% higher than the latency, i.e., between
time the base meshes of all renderable objects are availabl®.8ts to 0.4 s with a cache size of 1% for all movement patterns,
the client. It measures the observable delay experienced bsral higher with a smaller cache size, as depicted in Fig. 13(c).
viewer when the viewer makes a move. However, when compared with no caching, caching alone could

In this experiment,n is again fixed at 500 objects. Theimprove the response and latency times of the walkthrough ap-
moving pattern is fixed aCP. The size of the storage cacheplication by quite a few times as shown in Fig. 13(c) and (d).
N ranges from 0% to 2% of the database. Other paramet&efetching also leads to improvement in response times. Fi-
remain the same. Fig. 13 depicts the results, with the secamally, with an increasing cache size, improvement in response
row showing the response and latency times of the experimerasd latency times is also observed.



514

(a) Hit Ratios
% —— S
90%
85%
£ 80%
a 15%
% T0%
€ 65%
T 60% { —#— No Prefetch
559 | Win-1 Win-3
——Wn-5 —8—Win-T
50% | ——EWMA-NR ——EWMA-R
45% A/
] 0s 15 2

Cache éize{%'l

(¢) Response Time

Response Time (sec.)

Cache Size (%)

Fig. 13.

VI. CONCLUSIONS

time and latency time of the system.

. . 7
We are currently extending our studies along several dl-[

Visual Perception (%)

mensions. We are investigating other means of prefetching

virtual objects and comparing their effectiveness it M A

scheme. We are studying the effectiveness of prioritizing [g]

objects for transmission at record level rather than object level

on visual perception. We are investigating the effect of multiple[lO]
clients on the performance of the caching mechanism. We are
also investigating the situation when objects are dynamic, i.e[11]

an object can move within the virtual environment. This further

complicates our caching mechanism as the updated location gk

each dynamic object needs to be reflected in the object modt[all3

cached in each client in a consistent manner.
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In this paper, we have described the design and implemen-

tation of CyberWalk. We have pointed out the technical chal-
lenges that need to be addressed in order to support on-demand
transmission of virtual environments without sacrificing the per- (1l
formance of distributed virtual walkthrough applications. As an [2;
alternative to improving the performance, we propose a caching
mechanism that employs the local storage of a client machine tch]
hold remote objects residing at the database server. The caching
mechanism is further complemented by a prefetching mecha-
nism to predict objects that may be accessed in the near futurd
The prediction is based on the semantics of virtual walkthroughs;
application. These caching and prefetching mechanisms attempt
to make the objects available at the client machines as soon as
they become visible to the users. As demonstrated in our exie]
periments, these mechanisms significantly reduce both response
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