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ABSTRACT

A global datamodel is presentetbr the digital earth that
provides scalability and fast access. It ishown how the
same globahierarchical structure can hesedfor a wide
variety, and perhapsall types, of geospatiabata. To
maximize efficiency, particulartypes of data can, at
prescribed levels of detaif;ansition from the globaiodel

to type-specificdata structures and detail management
schemes. This framework has been applied successfully to
variety of dataincluding terrain elevations, phototextures
andimagery, maps, buildings, moving or flying vehicles,
weather,and other data.Further, theframework provides a
geospatial visualdata mining approach whereone can
navigate continuously from globabverviews to high
resolution local views. Thispaper presents results for
several applications.

Keywords:visualization, global terraindatamodel, digital
earth, decision-support, large scale data, GIS
1 INTRODUCTION

To attack the problem odlealing with increasingly vast
stores of global information for the digital earth, we
describe in this paper a general approach tdata
organizationand real-time explorationbased on anovel
global hierarchical data model. Our recent work feagaled
that this framework can be quite generally applied to the
earthandanything on it,aboveit, or even belowit. This
includes terrain elevations, phototexturesnd imagery,
maps, buildings, moving or flying vehiclegsieather, and
other data. Further, theframework provides a geospatial
visual data mining approach whereone can navigate
continuously from globaloverviews to high resolution

local views. Because it has an efficient data organization an

paging capability closelgoupled to a view-dependedata
requesting mechanism (that is, it is adjustdi@eed on the

requirements of the display platform), the framework is also

quite flexible and has beeapplied to a range dfingle and
networkedsystems ranging from single-processor PC to
immersive systems with multiple projectistreens and
coupled computers. In thispaper wewill discuss our
geospatial model, how it fits into an overall framework, and
how we have applied it to different types didta in different
environments. We will also show that thmodel is
applicable to distributed and Internet-basgdtemsandwill
discuss our work in that direction.
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For the followingreasons oumpproach offers a general

framework for digital earth applications:

It accepts and integrates all types of geospdttinto

a global framework.

It is scalable to very largdatastoresand todistributed
environments.

It provides an interactive visualization framework.

It supports discovery of new information via navigation
in context with unfolding detail.

YWe have implemented these capabilities isystemcalled
VGIS [Lin96, Lin97].

Our approachstarts with ahierarchical structure for
optimal interactivityfor dataexploration. We use a novel
"forest of quadtrees'with nested coordinatsystems for
handling globalscale terraindata andpermitting timely
paging of collections of objects in support wHfal-time
navigation. We havéound that onecan effectivelyemploy
this hierarchical structure for a wide range of geospdsi@
as long as methods adapted to the specific tygataf(e.qg.,
terrain versus buildingsgre applied atthe lower (detailed)
levels.

An importantaspect of ourapproach isthe idea of a
“view” and “view-dependence”. Wempose a viewpoint and
a limited viewing window on the data presentation. In
general therare things within the viewand outside the
view, things that are close or far awaydthings that may
be obscured becausigey are blocked byother things. By
view-dependence, we me#imat weorganizethe retrieval of
data bytheseview-dependentactors. Thus wamight only
retrieve the most prominent details for data thatfareway
andmight notretrieve atall datathat areout of view. Of
course this approach is useful and efficient for visualization,
but it is also apowerful organizing principle foall data
handling (forexample, GlSdataqueries).Even for these
operations there is an impliediewpoint and viewing
gvindow. This approach also supports theideas of
navigationand context. Thus weccess details irxtended
datasets by navigating the data, and wehi® while seeing
surrounding contextual informatiothat isn’t our main
focus but can still provide important supporting details.

In this paper, wepresent thesédeas indetail. We also
describe how large collections of objects, such as buildings
andweatherclouds,can efficientlyfit, along with terrain,
into the geospatial hierarchy. Application results
demonstrat¢hat ourapproach isboth scalableand general
because it isable tohandleboth large scaleglobal terrain
information and multiple collections of objects (e.g., cities
and weather data) placed aroundhe earth with full
interactivity andwithout extensive memory loadkinally,
our approachshows that levels ofletail can be naturally
incorporated to provide improved detail management.



2 RELATED WORK

Therehas been darge body ofprevious work that has
considerechow to organizeand visualize geospatiatiata.
We will not attempt tocoverall this work herebut rather
will focus on the mostrelevantresearch an@pplications.
Representing data that span the entire gleloeires special
data structures that efficientlyaccount for the earth’s
curvature.Most of theseare based on quadtregsam84].
Fekete has developed spherical quadtrees [Fek90hkxbal
representation for the earth. Thaain difference between
Fekete's metho@nd ours is that he tesselates tharth’'s
surfacewith a asubdividedicosahedronwhile VGIS uses
“square”geodeticpatches, whose geometry conform to the
lat/lon representatiomommonly usedfor terrain elevation
and imagery datasetsSimilar hierarchical data structures
have been shown to be useful for global GIS [Go092].

Much work on the tesselation of terrain hamcentrated
on triangulated irregular networks (TINs). Aumber of
different approache$fiave beendeveloped to creatdINs
from heightfields using Delaunayandother triangulations
[Gar95, Sch94]. In addition hierarchical triangulation
representations have been propoged lend themselves to
multiresolution level ofdetail (LOD) algorithms[DeB95,
DeF95]. Regulagrid tesselations, which is the forosed
in our approach, havalso been implemented aterrain
approximations [Co0s90, Duc97]. Althougtecent work
shows that improved data compressgam be attainedith
TINs [Kim99], we feel that there remains a significant

advantage in using regular grids in both dataset compactness

and efficiency of dataset building. (See Sec. 4 and [Lin97])

VGIS treats the terrain assingle, connected surface for
rendering using a ‘“continuous,view-dependent” LOD
representation. Similarapproaches aredescribed in in
[Cos90, Duc97, Hop98, Xia96However, VGIS is the
first system to support suppomtal-time view-dependent,
pixel-accuratemultiresolutionrendering ofhigh resolution
global datasets.

A number of visualization systemshave been
implemented that integrate 3D visualization techniques with
large geographicinformation and terrain data. Some
systems stres@ccurate rendering oflobal images, or
accurate modeling of environmental processesften
sacrificing interactivity of the system [Nis93]Other
systems emphasize tight integration of the 3D visualization
with the powerful spatial analysis capabilities of GIS
[Erv93]. VGIS enables real-timehighly interactive 3D
visualizations of the spatialdata by building these
capabilities into the system from the bottom up.

Recently therehas been workthat addressesnteractive
visualization of very large,out-of-core datasets in
applications from 3D flow visualization tdarge scale
terrain visualization. From what hagendone sofar, it is
clear that application-controland domain-dependerdata
organizationare essential to achievingiood performance
[Uen97, Cox97]. Relying on system virtual memory, for
example, frequently results in thrashingand abysmal

performance. Often a spatial and hierarchical partition of the

dataset is used ghat onecan efficientlyload only needed
segments. All of theseut-of-core techniques consider the
paging of continuous volumetric ¢errain dataVGIS fits

with these application-controlled out-of-core technignes
unlike the others, ittonsidersmore diverse datasuch as
terrain, time-dependenvolumetric data, and collections of
discrete 3D objects.

3 AN EFFICIENT GLOBAL
HIERARCHICAL STRUCTURE

We havebuilt a quadtree and sharezhche datestructure
that together constitute the basic components of our global
datamodel. The global structure idivided into 32 zones,

each 49 x 450 [Dav98, Lin97]. (SeeFig. 1.) Eachzone
has its own quadtree; all are linked so that objecteroain
crossing quadrant boundaries canréderecefficiently. We
chose the numbend extent of zonedbased onempirical
observations of memory requiremengsaging overhead,
geometric accuracy, etc. A node ig@adtreecorresponds to
a rastertile of fixed dimensionsand lat/lon resolution
according tothe level on which itappears inthe quadtree.
Quadnodes are identified Bguadcodes,which arebuilt in
a manner similar to thmdices of representations of binary
trees, that is, thehildren of a nodewith quadcodeq are
identified by 4 + 1 through 4 + 4. In addition, the
guadcodecontains aquadtreeidentifier that allows each
guadcode touniquely identify anarea onthe globe. This
structure isreplicated inthe underlying diskmanagement
system so that filearealignedwith the quadnodes in the
set of linked quadtrees

Fig. 1 The Earth dividedinto 32 zones..The labeled axes
correspond to Earth Centered, Earth Fixed Cartesian XYZ
global coordinate systems for each zone.

The quadtrees also define the boundaries of local
coordinate systems. If a single,geocentric coordinate
system were used, assuming 32-bit single precision floating
point is used to describ@bject geometries, the highest
attainableaccuracy onthe surface ofthe Earth is half a
meter. Clearly, this is not sufficient to distinguifdatures



with details as small as a few centimeters, e.gtréas on

a tank. As a matter of fact, some of the terdatasetshat
have beerused in VGIS have 10 centimeteresolution.
This lack in precision results in “wobbling” as thertices

of the geometryare snapped to discrgw@sitions, which is
present in other large scale terragystems such as
T_Vision [Gru95]. Wehave developed anew approach to
overcomethis problem [Lin97]; wedefine anumber of
local coordinatesystemsover theglobe, whichhave their
origins displaced to the (oblate) spheroid surfhee defines

the Earth sea-level. The origins of the top-lesebrdinate
systemsare placed athe geographic center§.e. themean

of the boundarylongitudesand latitudes) of thequadtree
roots. While thecentroid ofthe terrainsurfacewithin a
given zone would result in a better choice of origin in terms
of average precision, we decided for simplicity to opt for the
geographic centemoting that the twoare very close in

better than th@eocentric case. We couttptionally use a
finer subdivisionwith alargernumber of zones to obtain
the required precision. Howeverthis would result in a
largernumber ofquadtreeswhich is undesirablesince the
lowest resolution data that can be displayed is defined by the
areal extent of thequadtreeroots. Hence, too much data
would be needed to displdlge lowest resolution version of
the globe.Instead, walefine additional coordinatsystems
within each quadtree. Iithe current implementation, we
have added256 x 256 coordinate systems within each
guadtree---onecoordinate system per node, eight levels
below eachroot node---resulting in a 1 mnworst case
precision. Fig. 2 illustrates a subset tfese nested
coordinatesystems. Theerrainandobject manager&eep
track of which coordinate system to use amonthese
thousands ofsystems and can eventransition between
coordinate systems for extended objects.

most cases. Theaxis ofeach coordinateystem isdefined

as the outward normal of the surface at the origin, while thg
y axis is parallel to the intersection of the tangent plane a
the originandthe planedescribed bythe North and South
poles and the origin. That is, tlieaxis is orthogonal to the

z axis andlocally pointsdueNorth. Thex axis is simply

the crossproduct ofthe y andz axes,and the three axes
form an orthonormal basis. Thizhoice of orientation is
very natural as it allows us to approximate thp” vector

by the localz axis, whichfurther lets us treat the height
field as a flat-projected surfaeeth little error. Hence, the
height field LOD algorithm, which is based on vertieaior

in the triangulation, does not have to be modified
significantly to take the curvature of the Earth iaftcount.
However, thedeltavalues(see [Lin96])must becomputed

in Cartesiarratherthan geodetic coordinates to avaiyer-
simplification of constant-elevation but curved areas such as
oceans. Fig. 1 shows the local coordinate systems for a fe
zones.
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Fig. 2 Nested coordinate systems im@adtree. & 8 smaller
coordinate systems appear 3 levels below the root node.

Using the above scheme, theesulting worst case
precision for a 45x 45’ zone is 25 cm---not significantly

Fig. 3 General global hierarchical framework.

The general approach to using the hierarchical structure is
illustrated in Fig. 3. In each zone the quadtree is traversed to
a certainlevel, depending orthe type of geospatialata.
Below this level anon-quadtreeletail managemerdécheme
is usedthat depends orthe detailedcharacteristics of the
data. Thus, for example, buildingsdterrain havedifferent
levels at whichseparatenon-quadtreedetail management
schemes take over. Wdescribe these schemedurther
below.

This globalhierarchical, nestedtructurewill handle the
earthandeverything on it at levels ofletail from global
overviews to fine resolution close-ups. Navigatimiween
these extremes involves changes of up to 10 or woles
of magnitude. Weare now extending the structure to
everything over theearth including weather and other
atmospheric effects [Rib00]. Since the atmosphere is only a
thin layer in proportion to the extent of tlearth’s surface,
this should be an efficient approach.

Caching. To conservememory and promote efficiency,
the static,view-dependent datassociatedvith active nodes
of the hierarchy are stored in sharedcache.This allows



multiple managers fothe variousdatatypes toaccess the
data without having to replicate it. The shared cache
consists of a set of hash tables, one for eltatype (e.g.,
elevations, phototextureggeature databuildings, moving
objects, etc.), whicthave enoughslots to hold all the
guadnodes in the dataset. These slotsnatially empty and
filled with geospatiabatawhenever a request igrocessed
by a particular server. If aode is nolongerneeded by any
of the managers, thespace for it isdeallocated. The
guadcodesire used abash keys for accessimpdes in the
hash table. Since the hash table slats initialized at
startup, themanagersknow what nodes exist externally
such that no invalid data requests arade tothe server. At
present allquadtreehash tablesareloaded atstartup. In the
future to maintain scalability, weill impose astructure
where only the high levelguadtreetables are loaded at

startup with an additional paging and caching mechanism tc

bring in moredetailedportions of thequadtrees athey are
needed.

Paging. To support parallelisnand expandability,there
are separatepaging threads for the different types of

navigationalspeed andviewing direction to help predict
where the terrain manager should skip.

Skeletorquadtree
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Praperties :

geospatial data. Each thread has a server and a manager. T

server loads pageffom disk while the managerdecides
which cells should bdoaded (taking into account such
things as user viewpoint and navigatiospéed) angbasses
it along for display or analysi§.his communicatiorpath
supports a demand-paging approach such as thaofand
Ellsworth [Cox97].Whendata areneededor a node in the
guadtreethe manager allocates space time aboveshared
cache andsends a message tthe manager.Message

Fig. 4 Skeleton quadtree structure with ability to skip
quickly between nodes. If a node does mmintain data,
propertiesareretrieved, which tell whethedata are needed for
the current view and where the data are located.

Since the managers are receiving continuguaates from

priorities in this queue are changed dynamically according tothe user via the usénterface,they can use these in their
the importance of thassociated request as determined by requests to the servers. For example, the object manager can

the managerThus, requeststhat gradually becomeless
important sift towards the end of tigeeue andjet serviced

only when no higher priority requests remain in the queue.

We have foundhat the above pagepriority procedure
sometimes falls short when handling globata. Users of
suchdatafrequentlyfly quickly from a global viewwhere
the terrain elevationand imagery data are at 8 Km
resolution to views close to the ground where the dedaat
1 M resolution or higherand there may behundreds or

more buildings in view. If the user flies in too fast, the

traversal of linkedquadtrees bythe terrainmanager falls
well behindthe user's navigation. Thgocess castall in

this case, and the pages for #eene currently irview can
take quite long to arrive.

Unfortunately the system cannqust jump to the
appropriate position in thguadtreeThe quadtreehas to be
traversed to get important properties informatiespecially
guadcelllinking databut also geospatial boundingoxes
and other datathat are necessary to determinetlie object
or otherdatashould bedisplayed ornot. To addressthis

problem wecreatedseparatesets of skeleton trees, one set

for each geospatial data type [Dav98, Dav99]. (Sge 4.)
This separatestructure provides propertiesformation but
is lightweight so it can be traversed quickly. Large
segments of the indexing treesside inmain memory for
fast access. With the flexibility of thischeme we caskip
one or more levelshefore paging in objectdata. A
predictive mechanism is institutedbased on user

expendmore detail on buildings or other objects in the
center of the scene.

4 TERRAIN AND STATIC OBJECT
DETAIL MANAGEMENT

We give examples of thiype-specific detail management
schemes illustrated in Fig. 3. Wéencentrate on terrain and
static objects, but thtamework can beextended toother
types of data.

Terrain. We start with abrief overview of terraindetail
managementgescribedmore fully in [Lin96] and [Lin97],
and present some new capabilitiesfter the upperlevel
traversal ofthe quadtreethe algorithmarrives atthe leaf
nodes. For high resolution data at, say, 1 M spacing this is
typically after about 22 levels. Thdata inthesenodes are
arranged in a regular grid with a height valueathvertex.
(See Fig. 5.) Using the latest viewpoantdview direction,
the algorithm determines on-the-flywhich vertices to
include inthe scenedisplay. Thedecision as to whether a
vertex can be removed msed orthe screen spacdistance
the vertex travels from its original position to the resulting
surface if it were to be removefl.e., iIf it's height
componentwere flattenedout). The correspondingworld
space distance iferred to ashe vertex's'delta value”. If
this distance issmaller than ascreen spacéhreshold, the
vertex is decimated andurther simplification of nearby



vertices is consideredrecursively. Afterthe final set of
vertices have been selectdloe terrainmanager produces a
single triangle strip foeachquadnodewhich is simply a
list of alternating verticeand texture coordinategnclosed
by begin/end trianglstrip commandsThese displayists
are a new capability that emulates the Opem@Glnterpart,
but are not the same. Thewre used becaushe scene
managers cann@mploy OpenGL displaylists directly as
only onethread at atime is allowed to issue graphics
commandswithin an OpenGL context. Fig. 6 shows a

terrain surface tessellation resulting from application of the
continuous LOD algorithm. The threshold in this view is 1

pixel. Note thatshading has beeapplied tothe geometry
before simplification to retain detail. Even for rouggnrain
at 1M resolution, thigprocedurecanreducethe number of
trianglesdisplayed by a factor 0100 or more [Lin96]. If
the terrain is smooth, the reductioneigen greater. Further,
with a 1 pixelthreshold thevisual quality of thescene
displayed is not perceptualljifferent from a scenerendered
with all the triangles.

.4\.
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22 levels

Fig. 5 Quadtreestructure specialized for terraielevations.
Eachvertex has a height valu&or agiven view, vertices are
removed until a specified error in the height field is reached.

In addition to terrairelevations, we mustanage terrain
textures. These can be phototexture images, ntaxisred
shapes describing vegetatigratterns, and so on. The
texture LOD managemeiitearssome similarities to the
geometry simplification. Rather than projecting thsgest
delta value tathe screen, the large§h screen spacdgxel

within the bounding box of aode. The boundingpox is
determined by the area of the terrain patchtfiat node and
the maximumand minimum height values within the
patch. As a result, lowdetail is usedwhen theterrain
surface is viewedrom the side, while relativelyhigher
detall is required for top-down views

Fig. 6 Terrain surfaceesselation showinglynamic detail
management based on viewpoint and on terrain roughness.

Static Objects. If we have severatities in our global
dataset, we want to quicklgeterminethat the viewer is

navigating towardssay, Los Angelesnd doesnot need

detailed datdor Bombay,Houston, orevenSan Francisco.
Further, as the user navigates tocertain neighborhood
within a city, wedon’t want to page inand then have to

cull, one-by-one, buildings for a neighborhood tbe other

side of town.
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Fig. 7 Viewpoint-dependent detail management f&iatic
objects. The bounding dimension of alower detail
representation ischecked. If necessary, the higheetail
representation (lower right) is used instead.
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To achievethese goals we use the glodakrarchical
structure with a few additions. Object pointare loaded at

the quadnodes determined as described above. Accompanying

the pointer is the object locatiand abounding dimension

is projected and compared to a threshold. The largest texel igbtained from the largest dimension of the objeminding

found after taking into account the viewpoint-to-texel

box. Using the viewpoint, object locatioand bounding

distanceand the angle the texel normal makes with the dimension, the system finds a maximum size fordh'pct
viewpoint-to-texel vector. We here assume that all texels liejn screen space in terms of pixels. (See Fig. 7.)

in a horizontal plane, but may Hhbstributed in elevation



When consideringmall buildings aurban densities, we
use a morautomatecand compact linked cell mechanism.
We must firstdeterminethe level to convert from the

of the immersive, multiplescreenCAVE. It runs entirely
on PCs, rather than the SQlsedfor the CAVE. Desktop
versions of VGIS use thstandardmouseinterface,but the

guadtree to a specific detail management scheme appropriaerojectedsystems, especially the virtual workbench, use
for buildings or other static objects. Let us assume ahead and two-handettacking. The NAVE also uses a

quadcell ofside Ly, (The boundingbox and bounding
dimension inFig. 7 would be of order Lg.) Now let's
assume an object with maximum dimensiog. Uf Lg <

Lg, then only the 8surroundingquadcellsmight contain
objects thatwould extendnto acentralquadcell. In fact if
we divide the central cell into 4 quadrants andurther
assume that all objectare placed inthe quadcellsthat
contain their centers, the maximum number gobdcells
whose objectgould overlapthis quadrantwould be 4, the
central cell plus the 3 nearegtadcells tothe quadrant. Our
approach is to go as deeply psssible using thevery

joystick interface.

The results we preseatefrom a single, globatlatabase
of several gigabytes. Our Army colleagues have BIUBIS
databases of well over 20 GB without loss of capability. As
statedabove, weexpectthe model to scale tanuch larger
data and will be testing this scaling soon. #denes shown
(Figs. 8-10)can bereached bycontinuous navigatiofrom
one place to another. Since typicitabases anmeot likely
to have terraindata everywhere ahigh resolution, our
geospatial framework permits accurate placing of high
resolution insets on lower resolutidmackgroundsandalso
nesting ofseveralresolutions. For example, the state of

(or “linked”) cells for considering overlappimapjects,since
therewill be increased overheddom keeping track of the
links and from having toconsiderall the objects in the
linked cells. The collection of objects in tHmked cells
would have to beconsidered inview frustum culling,
collision detection,and many other operations. Thus we
choose cells for which ¢.< Lg. For buildings in arurban
setting, lg could beabout 50 meters, the dimension of a
typical city block. If a typical building is the size of a
house, say 10 meters on a side,waild have toconsider
on average nanore than 100 or so buildings for lthked
cells. Note that occasionally we will have to consilided
cells that could be in more than one quadtree.

We must alsaconsider carefullyextendedbobjects such as
a stadium, darge factory, or very largebjectscreated via
detail management. Thesgght requireconsideringseveral

Km resolution), and within Georgia are several nested
databases arounditlanta (greater Atlanta at 10 M
resolution, central downtown at 1 Mresolution, and
Georgia Tech at 1 foot resolution).

It is important tohavethe capability to build suclarge
databasesncrementally. Unlike most systems witteal
time data access, the VGISdatabasecan be built
incrementally with arefficient terrain dataset buildeool
[Lin97] that insertgterraindata in atime that scaleswith
the size of the inserted piece. This time will tencbéocome
much smaller than the time to rebuild the entiatabase as
the latter grows very large.

For navigation of the globabatabase,typical frame
updateratesare 30frames persecond(fps) or more for an
overview of a continent and remain at or above 15effEn
for flying close to high resolution terrain. Thelseame rates

blocks as one object. If we use the largest such object irare for an SGI Infinite Reality Engine. Rates on a 300 MHz

the database to determine the leaf node levéhefuadtree,
we might also end up with cells containiegveralhundred
smaller objects. To obviate this problem Wave discrete
representations of such largbjects at successive levels of
the quadtree, eachepresentation carryings own list of
linked cells. Thus if we flew from outer space dotewards
an urban area, wmight first see a phototexturedhape
representing thedowntown area,which would then be
replaced by moreéetailedshapes representing collections of
blocks and tallandmarkbuildings, andfinally thesewould

PC with TNT2 3D graphics card are slightly lower. When a
large number obuildingsare inview, the frame rates are
somewhat lower on either platform. The paguhgay for
high resolutionterraindepends orthe speed atwhich one
approaches an area. If one flies from a glabarview to a
close-up view, high resolutiorterrain elevations and
imagery may bedelayed up to asecond ortwo on the
Reality Engineand 3-4 times longer on thé&C. More
gradual fly-ins can be accomplishedthout pagingdelays,

at least on the Reality Engine.

be replaced by shapes for individual buildings. Although the The severalcity databases eachomprise hundreds of

present system switchdsetween discreteepresentations,
one canimagine a more sophisticated procegth more
continuous switching of detail.

5 RESULTS

The global data model and the VGIS visualization
interfaceuse standardinterface and programming elements
andrun on a variety of platformsThese includeUNIX
platforms, such as SGI and Sun, and PCs runwinglows
NT. A variety ofdisplay configurationsre usedncluding
desktop, virtual workbenctandNAVE. (For moredetails
see [Res00].) Theirtual workbenchand NAVE both use
large projecteddisplays that preserdgtereoscopic scenes.
The NAVE is a low-cosversion--created abeorgiaTech--

buildings but,due to the hierarchical building structure,
frame ratesare unaffecteduntil one navigates relatively
close to a city. Further, only buildings in the region of the
current view are paged in, and only theg¢hin the current
view are renderedSignificantly higherframe rates can be
attained by strategic use of LODs. Téicient fast paging
and hierarchicastructure ensuréhat even when ongumps
instantaneously to an entirely new locatiofpwer
resolutiondata are displayeduickly and higher resolution
data relatively fast.



6 CONCLUSIONS AND
FUTURE WORK

We haveattackedthe problem of increasingly vast stores

of global information for the digitabarth by presenting a
general approach todata organization and real-time
exploration. Thisapproach isbased on anovel global
hierarchicaldatamodel. Ourrecentwork hasrevealedthat
this framework can be quite generally appliedtte earth
and anything on it, aboveit, or even belowit. This
includes terrain elevations, phototexturesnd imagery,
maps, buildings, moving or flying vehicleseather, and
other data. Further, theframework provides a geospatial
visual data mining approach whereone can navigate
continuously from globaloverviews to high resolution
local views. Theramework is also quite flexible and has
been applied to a range single and networkedsystems
ranging from a single-processor PC to immersystems
with multiple projection screens and coupled computers.
Our approach offers a general framework digital earth
applications because:
» It accepts and integrates all types of geospda#into
a global framework.
» Itis scalable to very largdatastoresand todistributed
environments.
» It provides an interactive visualization framework.

» It supports discovery of new information via navigation

in context with unfolding detail.

We alsodescribechow large collections of objectssuch
as buildingsand weatherclouds, can efficientlyfit, along
with terrain, into the geospatidtierarchy. Application
resultsdemonstratedhat ourapproach ishoth scalable and
general because it @ble tohandleboth large scale global
terrain information and multiple collections of obje@tsg.,
cities) placed aroundhe earthwith full interactivity and
without extensive memory load-inally, our approach
shows that levels odetail can benaturally incorporated to
provide improved detail management.

The geospatial data model can readily incorpdiateGIS
capabilities since multiplelata layers are alreadyaccessed
via geocodes. Ware now developing agueryableGIS data
structure to augment the global model. The GIS layélts

be in thehierarchicalformat presented here to ensure fast

access and display.

The approach is extendible to a networkeual data
mining system.
responsiveness in accessing remayobal databases
through the VGIS visuahterface. Our flexiblepaging and
LOD structurescan be adjusted tonprove responséimes
andeven tuned tdhe characteristics of a particulatient.

We are building on these capabilities by inserting an

internetwork servemto the VGISarchitecture. Eventually
we plan to develop a completely machine-independent
version of VGIS by porting the system to Java3D.
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Fig. 8 World overview. This and all following scenes can Figs. 9Views of the Grand Canyon (left) and a mountainous area in
be reached by continuous navigation. Rwanda.

Figs. 10 Views ofcities (from left to right) aNTC in California, Savannah Georgiand Atlanta. All cities are in the same
database. The hierarchical object structure ensures that only those buildings in view are loaded and rendered.



