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Abstract

We present an algorithm for efficiently computing ray
intersections with multi-resolution global terrain which
is partitioned by spheroidad height-augmented
quadtrees.  While previous methods support terrain
defined on a Cartesian coordinate system, our methods
support terrain defined on a two-parameter ellipsoidal
coordinate system. This curvilinear system is necessary
for an accurate model of global terrain. Supporting
multi-resolution terrain and quadtrees on this curvilinear
coordinate system raises a surprising number of
complications. We describe the complexities and
present solutions. The final algorithm is suited for
interactive terrain selection, simple collision detection
and simple LOS (line-of-site) queries on global terrain.

1 Introduction

The increasing computation power, memory and
rendering rates coupled with efficient data organization
make it feasible to interactively visualize global 3D
terrain  with resolution down to a centimeter.
Interactively rendering these large-scale terrain
databases places increasing demands on the software
system. Real-time level-of-detail management,
efficient spatial subdivision and the use of a two-
parameter ellipsoidal coordinate system (also called a
geodetic coordinates) are a must.

This paper describes the impact of this geodetic
coordinate system on quadtree spatial subdivision with
respect to computing ray-terrain intersections. We
extend a well-known ray-casting method for height-
augmented quadtrees' defined on Cartesian coordinates.
The extension handles multi-resolution terrain covered
by height-augmented quadtrees which are based on
geodetic coordinates.

2 Background
Our terrain visudlization software is VGIS
[Lind96]. VGIS uses automatic, continuous level-of-
detail management for geometry and imagery and
quadtree subdivision.  To accurately model global
terrain, VGIS uses a two-parameter ellipsoidal
coordinate system commonly used in geodesy [Vani82].
This two-parameter ellipsoidal coordinate system is
based on an oblate spheroid®. The two parameters are

LA ght-augmented quadtree simply adds a height attribute to each
quad which is set to the maximum height value of the contained
terrain.

2 spheroid is subclass of elipsoid created by rotating an ellipse
about its major or minor axis. It is synonymous with “rotation

the spheroid’s major semi-axis and minor semi-axis,
andb. adefines the X-Y dimension whiledefines the

Z dimension. In this system longitude,is equivalent

to the longitude in polar coordinates; however, latitude,
Y, is the angle between the surface normal and the
equatorial plane. Heighh, is measured parallel to the
normal between the point in question and the underlying
surface point (Figure 1).

Figurel: Spheroidal Coordinate System

VGIS builds its triangle mesh terrain database and its
guadtree subdivision on this curvilinear coordinate
system. The spheroid is first partitioned into 32
spheroidal quadrilaterals called zones. The zones are
bounded by meridians and parallels. Each zone then
contains its own quadtree. Each quadtree is further
subdivided into quads which are also bounded by
meridians and parallels.  Overall, this divides the
spheroid into triangles at the poles and quadrilaterals
elsewhere.(Note that since paralels are not geodesics,
these quadrilaterals and triangles are not true spheroidal
quadrilaterals and spheroidal triangles;, however, for
brevity we will ignore this distinction). Finally each
qguad is augmented with a height attribute equal to the
maximum spheroidal height of the contained data.

Using this terrain structure, we must provide an
efficient method for finding arbitrary ray to terrain
intersections. Such an algorithm serves as a basis for
interactive terrain selection, collision detection and
simple line-of-site queries.

While an efficient method for ray-casting through
Cartesian coordinate height-augmented quadtrees is
well-known [Coh93], this method assumes that the
bounding volumes are bounded by their Cartesian

ellipsoid” [Drag82] ,“biaxial ellipsoid” [Vani82],"ellipsoid of
revolution”[Smith97]



coordinate planes. Extending the algorithm to handle
spheroidal height-quadtrees for multi-resolution terrain
poses a number of problems. We present our solutions
in order of their generality with respect how terrain is
modeled.  First we address tracing through the
spheroidal bounding volumes. The presented algorithm
applies to terrain modeled either as voxels, triangles, or
bilinear patches. Next we address tracing through
individual terrain elements. Here our solution is
specific to terrain modeled as a regular triangle mesh.
Third we address complications added by triangle mesh
models which use multi-resolution data sets.  Finally,
we discuss surface continuity issues and discuss
solutions that are specific to VGIS's continuity
preservation methods.
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An exact analog would require a spheroid to plane

mapping in which the spheroidal projection of a ray in
3-space maps to a line and in which the spheroid's quads

e mapped to a regular square grid. The only common

sphere to plane mapping that maps parallels, meridians
and projected rays onto lines is the gnomonic projection
[Mal73,p236].
ojects the sphere through the sphere center onto a
plane. The plane is placed tangent to the sphere at an

The gnomonic mapping centrally

bitrary intersection point. Unfortunately, this

mapping projects spherical quads onto planar rectangles

th varying sizes. As we examine rectangles farther

and farther away from the plane-to-sphere intersection
point, the rectangles' areas grow towards infinity. The
gnomonic map will not allow us to translate the

Cartesian algorithm to the spheroidal case.

3. Traversing Spheroidal Height-Quads
Cohen et al.'s [Coh93] method for efficient ray-terrainre

A partial analog to the Cartesian algorithm would
quire a spheroid to plane mapping in which quads

intersection, is similar in spirit to Bresenham line map to a regular square grid and a projected ray maps to

drawing. It traces the XY projection of a ray througha
the XY footprints of a height-augmented quadtree baserk

curve. A cylindrical mapping can map quads onto a
gular square grid. Unfortunately, a 3D ray projected

on Cartesian coordinates. Upon entering a height-quaahto the spheroid and then mapped to the plane by the
the entering and exiting z-coordinate of the ray iscylindrical projection gives the following curve in
compared to the height of the quad. If the ray intersect&titude and longitude:

the quad, the algorithm steps into the child quad at the
next resolution level. Otherwise, the algorithm steps
into the next quad at the same resolution level. The
algorithm is so efficient that it is targeted towards real-
time rendering of terrain. Figure 2 illustrates the high-
level functionality of the algorithm. The figure is a side
view with the ray in red and 3 levels of recursive height-
quads. Blue volumes are intersected by the ray. Solid
black volumes are not intersected, but the ray does enter
their X-Y footprint. Dash black volumes are not
examined by the algorithm at all. The red volume is the
lowest level intersected volume. This figure illustrates
the recursive nature of the bounding volumes and of the
algorithm.

1 LT

Figure2: 2D illustration of Cartesian case.

Ideally, a spheroidal extension would use incremental
integer calculations similar to Cohen's midpoint
method. Unfortunately, while the basic high-level
algorithm still applies, the midpoint technique that
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and where X, Y, Z aretheray coordinatesin 3 space given

by
X = PX +VXt
Y = PY +VYt
Z = PY +VYt

While efficient methods for discretizing lines, ellipsis

works so beautifully in the Cartesian setting appears t§ 0/90], and cubics [Wat92] are known, a similarly

have no similarly efficient analog in the spheroidal case€fficient method of discretizing a curve of this
complexity is not available.



For parallel-meridian height-quads, we must then Intuitively, this parameterization is built by mapping
resort to floating-point computation of ray-quad  our ellipse in our “real” space to a unit sphere in a
boundaries. Unfortunately, there appears to be no  scaled space wher® is the polar coordinate in this
closed form solution for solving t in terms of (. This  scaled space. The scaled space to real space mapping is
would be necessary for computing the projected ray'sa scale by (a,b).Figure 4 illustrates this. (Note tha®
quad intersections with closed form arithmetic. and® are distinct).

We therefore perform the ray-quad intersection tests
in 3D dimensions where closed form solutions exist. We
begin by describing the surfaces bounding a spheroidal
height-quad. Generally these boundaries consist of 4
side boundaries formed by 2 plane wedges and 2 cone
wedges and consist of upper and lower boundaries
formed by quadrilaterals on the normal expansion of the
spheroid Eigure 3).

“Real” Space <::> Scaled Space

Upper Boundary X

North Cone Wedge East Plane Wedge Figure4: Parameterization of Ellipse
The parameterization yields:
P = (acos©,bsn©) (311-1
South Cone Wedge
O T = (-asin©,bcosB)

West Plane Wedge .
‘ O N’=(bcos®,asin®)
\ % [wor e
Y

/ Base Spheroid bcos® asin®©
0N =( )
Lower boundary D D
Figure 3: A spheroidal height-quad © ©

where D =\/b2 0032 o+ a2 sin2 o
3.1 Upper Bounding Surface ©
We show below that the upper bounding surface is || N = N’/‘N"
not a spheroid nor an ellipsoid. Since a simple and
efficient solution to computing ray intersections with Since a poinTB",, (©) onTB" ,is simply PE)+
this true upper boundary seems remote, we then deri\ﬁ\l(@) TB" is desxéribed as foIﬁJWS'
an approximate spheroidal boundary covering this true e '

boundary. This new boundary allows for simple Hb A
computation. " (0)= % +—E:ose, Es + —a%n OE (311-2)
Xz De DO

3.1.1 TB" TheTrueBounding Surface

As previously mentioned, the spheroidal height-
quadtree is based on an oblate sphe®digntered at a
Cartesian coordinate system with spheroid’s axes alon
the coordinate axes. The major axis of sidees on X
and Y axes while the minor axis of sizdies on Z axis. S
Each height-quad stores the maximum helgldf the ellipsoid. h .
terrain it contains.  This height is measured normal to E"e.” wo[]se,TB e CONtains deggnerate cases for h<0
the surfaces.  This maximum height defines a surface'” which TE.’ xz €an no longer function as a _useful b_ounds
TB" (‘TrueBound’) which bounds the height-quad. Tofor spheroidal height-quads. However, if we stipulate
describeTB" begin by observing the X,Z plane. LRt that h>-/a then these degenerate cases are removed

be the points on the cross secti8g, of spheroidS, let gApp.eng:.x At2) lati In. pra(;,_t(ljcg, for moﬂe<ll<ng bsurfgct;a.
T be the tangent and Istbe the normal vector. errain this stipulation is valid because |n|<<a,b an IS

We can parameterize these points and vectors usingC(Jaofe :3%;18 l;%gggmgle_usgng?sg\;gzséii fat?g/foL_Earth,
common ellipse parameterization on a param@er a~= X ' - ' Soreb=

-6335439.327003. The minimum geodetic terrain

Unfortunately,TthZ is not an ellipse. The unique
ellipse passing throughB"'s extreme points (a+h,0)
nd (0,b+h) is ((a+h)c(b+h)sir®). SinceTB",, does
ot equal this ellipselB",, cannotbe any ellipse. This
further implies TB" is not a spheroid nor even an



height is several orders of magnitude smaller than this,
around  -15,000.

Ray-casting through height-quadtrees requires finding
the intersection of a ray with the bounding surfaces of
the height-quads.  Unfortunately, an algebraic solution
to the intersection of aray and TB",, seems remote even
in two dimensions. Such a solution requires solving for
a variable embedded in a complex expression involving
the root of trig functions and square roots of trig
functions. While an iterative approach might be used,
that is complex and perhaps undesirably slow for our
purposes.

3.1.2 B": An Approximate Bounding Surface

Since the height-quad is merely a bounds on the
underlying terrain it is sufficient to use another surface
B" which bounds TB". B" should allow an easy analytic
solution to the intersection of a ray and B" should
‘closely’ bound TB".  An obvious choice foB" is
another spheroid.

Given the definition offB" and the fact thaS is a

sweep of the ellipsg, around the Z axis, it follows that

TB" equalsTB",, swept around the Z axis. Theref@®

typical traced rays start outside the terrain surface,
choosing a global lower bound is acceptable even
though it cannot bound individual height-quads as
closely as separate, local lower bounds could.

3.3 Longitude Bounding Surface

On a spheroid the meridians are great elliptic arcs
[Hooi97] and therefore by definition are embedded in a
plane which intersects the spheroid’'s center. From the
z-axis symmetry it is also intuitively obvious and easy
to prove that the normals of the spheroid along a
meridian are contained in the same plane. So terrain at
a quad's longitude boundary is confined to this
longitude’s meridian plane. Specifically for a given
longitudeA the associated plane is simply:

cosA x+snA y=0 (33-1
The longitude boundary is a wedge from this plane.

3.4 Latitude Bounding Surface

Recall the definition of geodetic latitudeof a point
P with surface normaN. Sincey is defined by the
angle between the linke defined by P,N) and the line

should be constructed with the same symmetry. Witiirom the origin toL’s intersection with the Z=0 plane
this in mind, we focus oB", and must find appropriate (see Figure 1) and since the spherBiis symmetric

major and minor axes. Our solution is:

0 E(a+ h)cos@,%»+@%n e%f h=0 (312-1)
H b 0

h a

e)=01
“ %%J,hfgmse,(bm)smegf h O (-b2/ a,0)

B

That this choice oB", boundsTB",, can be proved
rigorously (Appendix A3). Sinc®" and TB" are just

rotational sweeps @",, andTB",, , B" must boundrB".

Given the formula forB", computingB" is straight

forward.

3.2 Lower Bounding Surface

around the Z axis, it is easy to see that sweelpialgout
the Z axis yields a section of con&he latitudinal
bounding surface is a wedge of this cabe,

! C: z=mr+k

(X, Zy)

J
R

Figure5: Derivation of latitude cone wedge.

Since we can reasonably assume that traced rays ettingr be the cone radius for a giveand Z, and

begin outside the planet, it is sufficient to choose & he the intersection & with the y=0 cross section of
single global lower bounding surface. The geodetigy, spheroid, yields a derivation ®f(Figure 5):
spheroid is inappropriate because it is chosen to best fit

the planet’'s shape. Therefore terrain can exist both z=nr +k
above and below the spheroid. We might use the global
minimum geodetic height, but like the upper bounding
surface,TB", the lower bounding surface defined by this
height is not an ellipsoid. Moreover, we cannot use the
aforementioned approximate boundin®", surface
because the approximate surface loesside the true

34-1
wherem = tan W

k=Z =X m
W W

0 z:m\/x2+y2+k

surface while an approximate lower boundary would 2 2 ok K2
require an approximation lyingside the true boundary. DCix +y ——+—F-—5 =0
Therefore, we simply model the lower boundary as a m m m

sphere whose radius equals the distance from the
spheroid center to the closest terrain vertex.  Since



Xy and Z, are caculated easily from [Drag82)
(page 177) yielding:

acosy
Xy = ———— (34-2)

3.5 TheAlgorithm

While the high-level principles of the Cohen
agorithm (Section 3), apply to the spheroidal case, the
details differ. The spheroidal algorithm is divided into
two procedures. The user called procedure performs
setup and zone traversal and calls a recursive procedure
which recursively traverses through each zone's
quadtree. The user called procedure first clips the ray to
the volume bounded by a global upper boundary and the
global lower boundary. The globa upper boundary is
the upper bounding surface, B, with height equal to the
maximum global height. As part of this clipping, we
compute, t global_exit, the ray parameter value of the
ray’s global exit point. Next, we determine which zone
contains the ray origin. Starting with this zone, we step
through successive zones until either an intersection
occurs or the ray exits the global boundaries. Zone
traversal is quite similar to quad child traversal which is
discussed in detail below. For each zone we then call
the recursive quadtree procedure to traverse the zone's
quadtree.

Ray

Upper
.~~~ Boundary

Side Boundaries

Figure 6: lllustration of upper boundary test.

The recursive procedure must first determine whether
the ray, which is assumed to enter the current quad’s
side bounds, truly intersects the quad volume. Since the
upper boundary is curved, it is insufficient to check the
height of the ray’s entering and exiting intersections
with the side boundaries. Instead we compute the ray’s
parameter values, t in and t out, a these side

intersections and we compute the ray’s intersection
parameters, t 0 andt_1, with the quad’s upper boundary
surface (Figure 6).  If and only if these two parameter
intervals overlap, then the ray has entered the height-
guad volume and we step through the quad’s children.

If the quad volume is intersected, the algorithm must
traverse the quad's children and recurse at each child.
The first encountered child is determined from two
factors. The first factor is which side boundary of the
parent the ray entered.  This factor is an argument,
side in, of the recursive quadtree procedure. The
second factor is in which half-space of one of the
parent’s interna partition surfaces the entrance point
lies. In Figure 7 these internal partitions are shown in
blue. They partition the quad into four sections. The
latitude partition surface is a cone wedge stretching
east-west. The longitude partition is a plane wedge
stretching north-south.  Knowing which side boundary
is entered and which internal partition half-space
contains the entrance point, we know which child quad
to visit. For example, in Figure 7 the ray (red) enters
the west side boundary (i.e. side in = WEST). So we
test the entrance point (marked by the first red X)
against the interna latitude partition. Since the
entrance point is in the north half-space of this partition,
the ray enters the north-west child. Four side
boundaries and two partition half-spaces yield eight
combinations. Each combination maps to one child. By
determining which combination occurs, the agorithm
determines which child to visit. Note an exception
arises when the current quad contains the ray origin. In
this case, side_in will have the value UNKNOWN. We
must visit the child containing the ray origin. This child
is determined by examining which half-spaces of both
internal partitions contain the ray origin.

Figure 7: Illustration of child traversa

Having visited the first child, we must determine the
other child quads intersected by the ray. Note that in
the spheroidal case, a ray may intersect al four of a
guad's children or may enter a quad twice. This can
occur since a ray can have two intersections with a
guad’s latitude cone boundary. Given these



complications we determine the next child quad by

computing the ray’s intersection with the current child's In voxel ray-casting methods [Coh93] the height-
boundaries. Note these boundaries are subsets of the  quad tree recurses down to the level of the smallest
parent's boundaries and the parent’s internal partitiongnodeled terrain element.  In regular triangle mesh
The child exit boundary is the child boundary whose raymethods, however, the height-quad tree typically does
intersection's ray parameter value is the smallest whilgot recurse down to the level of the smallest modeled
still being greater than the child's entrance point's valuderrain element.  Instead, a quad contains a fixed size
This exit point is illustrated by the second red X inmatrix of triangles such as in Figure 8 ~ Within this
Figure 7. So given the current child, we computeblock there is no further quadtree subdivision.  This
t_child_out, the ray parameter where the ray exits themeans that for triangle modeled terrain, once we trace a
child, along withside out, the boundary of the child at '@y to the bottom level quad, we must then separately
this exit. With knowledge ofide out, we know what trace t_h_e ray through that qqad’s block of triangles.
child is entered next.  For example, if the current child Additionally, the modeling method affects the
is the north-west child andide out is found to be mathematlcal surface in between j[he samplled elevation
EAST, then the next child is the north-east child. ChildP0ints. If we render with ray-casting we might model

traversal terminates when either a child reports a terrai 3. T,Iurfacte fas St?\t columnlar \t{oxels ‘]th'Ch p(;olect
intersection, all children are visited, ochild_in of the ~ fadially out from theé zero-elévation surtace and are

current child is greater thah global_exit, the ray capped by either planar quads or spheroidal quads.

intersection with the global upper boundary. Note aéNOte on the sphe_r0|dal <_:(_)ord|nate system, these vox_els
. . ‘are not cubes as in traditional Cartesian based terrain.)
we step from one child to another we need not explicitl

compute the next child's entrance ray paramete?/Alt?mativeIY’ we can define the surfgce. to be a sgt of
t_child_in, nor its entrance sidesde in. T_child_in bi-linearly interpolated patches. This is _the typical
— = i - = — method of interpolating height fields in geodesy
equalst_child_out of the previously encountered child 4,597 519g]. (Note, again, here we would bi-linearly
while the entrance sideide_in, eq_ua’ls thg c.omplement interpolate spheroidal coordinates not Cartesian ones.)
of the previously encountered child’s exit sidléle_out.  ynfortunately, while these are the most mathematically
Further efficiency can be gained during child o st surface definitions, a practical polygon graphics
traversal when determining child_out and side out.  gystem must interpolate between sampled elevation
We can limit the number of child boundaries whosepgints by treating these points as triangle vertices.
intersections must be checked. For a quad in the Here we will focus on this triangle model. In order to
northern hemisphere if a ray enters the west, east Qhinimize the number of triangles tested, we treat each
north border, the side the ray next exits must differ fromrjangle-pair as if it was contained in its own small
the entered side. We only need to test for exiheight-quad and we then visit only those height-quads
intersections with 3 other sides. If a ray enters the soutfyhose sides are intersected by the ray.
border, however, we must test all four sides for the exit
point. For quads in the southern hemisphere the rule is
reversed with respect to latitude borders; a south
entrance requires only 3 intersection tests while a north
entrance requires all 4.

4.0 Traversing Individual Terrain Elements

While the methods of the previous section apply to
terrain regardless of the modeling method (voxel,
bilinear patch, or triangles), the issues raised when
traversing individual terrain elements are model

dependent.

Figure8: Matrix of Triangles



Figure9: a) 4 triangle pairs (red) in a section of aquad (black) and Since this problem does not occur on the east-west
the volumes which contain the 3 of the pairs (blue). Thebluearows  planar meridian boundaries, one might suggest avoiding

are extensions of the spheroid normals. b) Using these volumes we _ o : ;
can reduce the number of examined triangle pairs to those contained the parallel-meridian quadtree and using an alternative

in intersected volumes. Soinstead of inspecting all triangle pairsina  duadtree [Borg92][Feke90][Hwa93][Otoo93]. Such an
quads mesh (black) we only inspect a subset (red). aternative would avoid this boundary problem for an
arbitrarily dense partitioning if and only if the bounding
curves are planar and the plane embeds all the spheroid
normals along these curves.  Unfortunately, the only

part of a spheroidal quad in black. The blue arrows are curves satisfying this requirement are meridians and the
extensions of the spheroid normals at the quad’s terrain ying equir L
equator. This follows easily from Bowring’s theorem

grid points.  Triangle vertices are confined to these . i . X
lines. Furthermore, the blue lines delineate plané:oncernlng normal sectlons_[H00|97]. This theorem
wedges defining four-sided volumes (blue). Note States that except for meridians and the equator there

triangle edges are confined to these plane wedge€Xist exactly two normal sectichbetween any points
These four-sided volumes can serve a similar purpose ! the spheroid. - This means there is no single, planar
the higher level height-quads. If the ray intersects th€Urve containing both end points and both normals.
first triangle pairs volume, A, (in bold blue), we Clearl_y this is a prerequisite for a planar curve that
determine which of the 4 neighboring triangle-pairs tocontains both end points agdery normal on the curve.

visit next by intersecting the ray with the volume’s Since meridians and the equator alone cannot generate a
planar wedge sides. If the ray intersects the side sharégeful recursive partitioning, no existing spheroidal
by volume A and B, this tells us to visit the triangle-pairpartitioning strategy can solve the containment problem.
volume B. Similarly if the ray next intersects the side

shared by B and C, we step into volume C. At each

volume we test for ray-triangle intersections with the

triangles in that volume. We continue this traversal  north cone
until either a triangle is intersected, the quad boundary Wedge
is reached ot_volume_exit, the ray parameter at its exit
from the current triangle-pair's volume, is greater than
t_global_exit. Figure 9b illustrates a typical pattern of
examined triangle pairs in red.

Unfortunately the triangle model poses a theoretical
problem that the other surface models do not have.
Since the spheroidal height-quads are concave volumes,
they will not contain all parts of the triangles whose
vertices are contained in the quad volume and assigned
to the quad. Specifically, the latitude conical
boundaries do not contain all parts of the planar terrain

triangles along the latitude border. This problem is_ ,
illustrated inFigure 10. Figure 10:  Shown here are 3 Sides and Lower Boundary of

. . . . Spheroidal Quad (black) and 3 terrain triangles (red).  The green
Figure 10 shows 3 terrain triangles in red at the porion of the lower two triangles is contained in the illustrated quad,

corner of a quad whose east, north, south and loweit these triangles are assign to the adjacent quad to the south not to

boundaries are drawn in black. The upper triangle igheillustrated one.

assigned to the illustrated quad while the lower 2

triangles are assigned to the adjacent quad across the ; ;
south border. The green highlighted portion of the Another thought is to use rectangular bounding boxes

: . . . instead of spheroidal height-quads. However, we must
lower 2 tflangl_es IS thg portion of these lower trlangleschen deal with another set of complications. These
no.}_ﬁgnég':t?;n':]éﬁ a?é%?:r?]t %l;id' otentiallv cause th boxes are laid on a spheroid surface and they bound
ray intersection algporithm to f(,f” to di)s/cover an?errain assigned to spheroidal quads. The bounding
intersection. Referring tBigure 10, the ray could first $8§ﬁ;p0f (;\:jvg q[gadbso;gglrchcirr]vae:furae lat'tUd: dZﬁirgr?;II\;\/l il
pass over the adjacent southern quad without. o '
intersecting it and then enter the illustrated quad. If th gﬁgﬁllﬂj&g bqourzgf v?itll t:|§osﬁg\%ofveegggintgal;oﬁ:girr?ga

ray is at a steep angle, it could then piece the green ar h b lean - d
Since the illustrated quad does not contain the triangl oxes. These boxes cannot cleanly partition space as do

associated with this green area, the ray will exit the
global lower boundary and the algorithm would falsely3 Recall, anormal section is a curve segment between two points on a

indicate no intersection occurred. surface that liesin a plane which contains the normal at one of the end
points.

In Figure 9a, four triangle pairs are drawn in red on a

East Plane Wedge

South Cone
Wedge




Cartesian bounding boxes on flat terrain [Coh93] or as
do spheroidal height-quads on global terrain.  This
leads to ambiguities concerning the order in which child
bounding boxes should be traced. Moreover, as
discussed in 3.5 the proper order of spheroidal quad
traversal is inherently more complex than the Cartesian
case due to the curved boundaries, i.e. child quads can
be visited twice or al four child quads can be visited.
The overlapping bounding boxes on spheroidal terrain
do not provide this ordering information.

Since these aternative partitioning methods do not
help, we keep the paralel-meridian partitioning.
Importantly, when using this partitioning and the
outlined agorithm for interactively pointing a and
grabbing terrain, it has been our experience that the
pathological cases represented by the containment
problem never occur [War99]. The reason is that each
quad contains a relatively dense 128x128 triangle-pair
block making the green area in Figure 10 extremely
small. While the increasing curvature of the cone
wedges at extreme latitude quads could exacerbate the
containment problem, the increasing surface density of
the triangles at these extreme latitudes counteracts this
effect. This increase in surface density occurs because
the quad surface area grows smaller at extreme
latitudes.

5.0 Managing M ultiresolution Aspectsof Terrain

While covering the general traversal of the high-level
spheroidal quads and the specific traversal of triangle-
modeled terrain elements, we glossed over how a multi-
resolution terrain model interacts with the ray casting
algorithm. A typica multi-resolution model such as
VGIS stores terrain datain 2"x2" blocks at resolutions at
varying powers of 2.  For rendering purposes, the
system then goes to great lengths to ensure that the
rendered terrain is a continuous surface. The algorithm
uses a visual error metric to render the minimum detail
level necessary to maintain visua quaity while
preserving mesh continuity [Lind96].

As previously mentioned, contrary to ray-casting
models where the recursive subdivision of height-quads
continues down to the level of individual voxels, in a
triangle mesh model aleaf quad containsa N by N array
of triangle pairs caled a block. Equally important,
however, the quadtree is not a full tree. Instead a
branch is only as deep as necessary to reach the highest
resolution block available in secondary memory.
Moreover, while the complete quadtree is always in
main memory, the actual triangle data at different quads
are dynamically paged into main memory as dictated by
the rendering agorithm. In Figure 11a, a flattened and
zoomed in view of asingle zone is shown. The outlines
of the sub-quads existing in the zone are also shown.
Higher resolution data is only available for the north-
eastern most quads. Thisisindicated by the presence of

the small quads in these regions. Figure 11b shows the
corresponding quadtree data structure.  The renderer
pages-in triangle data associated with the smaller,
higher resolution quads as it is needed in order to satisfy
the visual quality constraints.

How the ray-intersection agorithm should deal with
this dynamic paging is application dependent. For
example if the user is viewing a battle scene with
vehicles roaming over the terrain and he zooms out his
view, VGIS may page out the high-resolution data for
the battle space. If the ray-terrain intersection algorithm
continues to be used for collision detection and line-of-
site computation in the simulation, the algorithm could
be forced to use the lower-resolution terrain now in
primary memory. This could be very inappropriate as it
could lead to arbitrarily large errors in vehicle collision
detection and LOS computation. Clearly in this case,
relying only on paged-in data is unsatisfactory.

a b

N

Figure 11: lllustration of an example quadtree from a single
Zone.

On the other hand, the ray-terrain intersection
algorithm might be used to compute the intersection of a
user held virtual laser pointer in a VR application. This
would be a necessary step in interactive terrain
positioning. In this instance, the ray-intersection
algorithm must complete as quickly as possible.
Therefore paging in new terrain data in response to ray
traversal isabad idea. The traversal should only access
terrain data already in primary memory. (Of course, if
even the lowest resolution data is unavailable for some
traced region, we must perform paging.)

These complications lead to the following
modification to the quad traversal algorithm. First we
add a parameter controlling how ray traversal handles
paged-out data. We add a parameter, min_level
(“minimum level”) that indicates what is the minimum
guad node tree depth that may be used during triangle-
pair traversal. Now we traverse the quadtree as detailed
in 3.5 until either the ray exits the tree or the ray enters
a leaf quad. If the ray enters a leaf quad, we need to
find the highest resolution in-memory block that covers
the quad and satisfies th@n_level constraint. We find
this block using a simple loop that steps through the leaf
guad’s ancestors. At each iteration we attempt to trace
the ray through triangles of the ancestor quad. There
are three possible results. Either the ray intersects a
triangle, intersects no triangle, or the ancestor quad has



no in-memory data available. The loop continues until resolution terrain in secondary storage. Setting
reaching an ancestor with data available or reaching an  min_level to some other value allows the programmer to
ancestor whose depth equals min_level. If wereachthe  trade off the resolution of the accessed terrain and the
min_level ancestor without finding paged-in terrain algorithm’s performance.
data, we must wait and page in this ancestor’s terrain. A final detail is that when the appropriate ancestor is
Note that with this modification, the leaf quad depthfound we should only trace through the rectangular
could be tharmin_level. This means that the desired subset of its block which covers the original leaf quad.
terrain data resolution simply does not exist inWe compute the boundaries of this subset using an
secondary storage. We must make do with the terraiimcremental integer approach. At the start of the
data associated with this leaf by paging it in as needed.ancestor loop the minimum indices of rectangular
Figure 12 illustrates an example. The diagonal redubsetx min andy min, are assigned zero. At each
line is the ray. The quad nodes are color-coded. Grateration of the loop, these indexes get either half their
nodes are not intersected at all. The black node’s sidealue or half their value plus half the block size.
are intersected but the quad volume is not. A bluéRecall, block size is the number of vertices per
node’s volume is intersected. A red node is a leaf nodew/column in a block and it is a constant value.) The
whose volume is intersected. A green node is a nodehoice depends on which child the current ancestor is
whose triangle data is used for intersection testingrelative its parent. If the current ancestor is a west child
Figure 12 a and c show the tree structure.  Solid circleshenx min — x_min/ 2, otherwisex_ min « x min/ 2
indicate the node’s triangle data is paged-in. Oper HALF_BLOCK_SIZE. If the current ancestor is a
circles indicate the data paged-out. For bmat level  south child thery min — y min/ 2, otherwisey min
be 0. The algorithm traces the ray down into the re¢§ min / 2 + HALF_BLOCK_SIZE. The maximum
node, but this node has no loaded data. The algorithgbrner of the rectangle is as follows: (x/y)_max =
then traverses up to the solid green node which dogs/y) min + BLOCK_SIZE >>levels, where levels
contain data.  This data is used for triangle traversalpdicates the number of loop iterations. If
For c letmin_level be 1. The algorithm traces the ray ‘BLOCK_SIZE >>levels is zero,x_max andy_max are
down into the red node, but this node has no loadegssigned one plus their respective minimum corner
data. The algorithm then traverses up the to open gregordinates. We use this integer method since the
node. Sincemin_level is 1 the algorithm must stop floating point method allowed rounding errors that
here. It cannot move up to level O and grab the soli@ccasionally yielded invalid array indices.  These
blue node’s data.  Now triangle data must be loadegoundaries are passed to the triangle tracing procedure
for the open green node. which limits its traversal to the delimited subset of

a triangle-pairs.

6.0 VGI S Surface Continuity
W . .
I:I BD Now we discuss complications due to surface
continuity in the context of VGIS. When two adjacent
terrain blocks have different resolutions the edges of
triangles along the shared border will not match. When
rendering, VGIS uses a set of rules to discard certain
vertices and generate a triangle mesh using this vertex
subset. This mesh has no cracks along block borders.
How and/or when should we apply such rules to the
b ¢ terrain traversed by the ray intersection algorithm?

Zg% 48% Again the answer depends on the application of the
= e intersection algorithm.
<<0\O <°\O One option is to avoid such continuity rules and add

artificial polygons between blocks to fill in the gaps.
Figure12: 2D illustration of quadtree traversal with triangle Whenever, the ray crosses block boundaries during
data |oaded at different resolutions. triangle-pair traversal we compute temporary geometry
for these polygons and test them for intersection with
the ray. This method is the simplest but it violates the
irit of the VGIS rendering algorithm.  However, it is
ast and has worked well for terrain selection for VR

In general settingnin_level to zero will use only the
data in primary memory and will never wait for new
data to be paged-in (unless even the lowest resolutio
data is absent). Settingin_level to the maximum L
possible quad tree depth will page-in whatever data i§avigation [War99].

necessary to ensure that ray traversal uses the greateskf we apply CO!’]'[II’]UIty “.Jles' we must used a mpdmed
version of VGIS's rendering rules. Instead of using the



renderer’s visual metric to determine vertex activation We are successfully using this algorithm for
(i.e. its inclusion in the rendered mesh), we force alhavigating global terrain on the virtual workbench
vertices to be active. We then apply the continuity rule$war99]. The algorithm is fundamental to the
to this fully activated mesh. This will generate thenavigation method since the user navigates with a
maximum resolution mesh that preserves continuityvirtual laser pointer used to grab the terrain for panning,
This still leaves a big unanswered question. To whatotating and zooming.  Empirically the intersection
set of terrain blocks do we apply this algorithm? Wealgorithm has had no affect on framerate as is necessary
can apply it dynamically to whatever blocks are pagedor VR interaction. Asymptotically, the algorithm is

in at ray-traversal time; or we can apply it off-line to theequivalent to standard quadtree and octree traveral
highest-resolution terrain and then force a continuity-methods.

requiring ray traversal to load in the highest resolution a

data. Next if we choose to apply the continuity
algorithm dynamically we can apply the continuity
algorithm to either the entire in-memory terrain dataset
or only to the local regions accessed by ray traversal.
Applying it to local regions, however, may produce a
mesh differing from the mesh created by global
continuity preservation. However, since VGIS is
constantly paging data in and out, the mesh defined by
applying dynamic global continuity is in continuous
temporal flux. Therefore if we apply the continuity
preservation dynamically, it may make little difference
if we apply it locally or globally. Research to
determine which of these options are appropriate to
different continuity requiring applications is ongoing.

7.0 Resultsand Conclusions

Figure 13 illustrates the complete algorithm in
operation.  Heremin_level is zero and we use the
simplest continuity algorithm appropriate for fast
interactive terrain selection. The application is running
on a virtual workbench [War99] and the red ray is a
virtual laser pointer interactively manipulated by the
user. The two yellow lines indicate the projection of
the ray origin onto the spheroid and the point on the ray |
where it exits the global boundaries. The visited
height-quads’ side boundaries are outlined in green, |
black, red and blue. Blue indicates the quad volume
was intersected. Red indicates the quad was
intersected and is a leaf. Green indicates the quad'’s 1y I
polygon data was used for polygon traversal. ~ Black Figure13: Illustration of ray intersection algorithm,
indicates that while the quad side bounds were
intersected the quad volume was not, i.e. the upper To conclude we have described the impact of the
boundary was not pieced. ~The small streak of greegeodetic coordinate system on quadtree spatial
inside the red quads are the outlines of the triangles thafipdivision with respect to computing ray-terrain
are tested for intersection.  In Figure 13a, the planet iptersections. ~ We presented a new set of efficient
at a resolution such that the polygon data associatefethods for tracing a ray over the terrain. These
with the leaf quad (red) is not paged in.  The algorithmmethods go beyond the work of [Coh93], promoting a
visits ancestor quads until reaching the first quadomplete approach for global terrain in a multi-

(green) with polygon data covering the leaf quad. Figurgesg|ution spheroidal quadtree structure.
13b, shows a zoomed in view. Note here we can

distinguish 2 sets of green polygons. The lower oneg g Future Work

outline the actual tested triangles while the upper ones, There are several avenues of future work. First, while

are raised to the height of the source quad (green) anfle containment problem has not been an issue for our

indicate the individual triangle-pair quads. current applications, it needs to be resolved for other
applications. We are currently pursuing a hybrid




extension that mixes elements of spheroidal bounding
volumes and Cartesian bounding volumes. The
extension will remove the containment problem while
keeping the number of visited quads to a minimum.
Second, the continuity issues have yet to be fully
resolved for all uses of ray-terrain intersection. Next it
may be possible to switch from the spheroidal approach
to the much simpler Cartesian approach [Coh93] when
the algorithm reaches high detail quads. This is
plausible because at some point the results of these two
approaches will yield similar results. Thisis due to the
finite precision of computer arithmetic. We are
actively investigating these issues.
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Appendix:

In this appendix we tackle two issues. First we
discuss degenerate cases of TB", and argue that in
practice they do not occur. Second we prove that the
upper boundary approximation, B", truly bounds TB",,.
Both these proofs use several simple theorems that we
first presentin AL

A1 Common Theorems
Theorem 1

For ©0O[0,mw2] and a=b and ab>0, De
monotonically increases over [b,a] and in genera
De[b,a.

Proof:

o_ o]

@\/b200529+a25in26|][ba]
= b cosze+a29n OD[b2 2] @

”sincea, b>0

To prove this, examine the derivative of this
expression to get local maximums and minimums:

6b2 cosze+azsin2®

00

- 2b2 sin®cosO + 2a2 cos@sin® =0
(Za2 - 2b2)sin®cos®= 0
INO) D{nn/2| nisaninteger>=0}

” true sincea= b

Since the local maximum/minimum for interval [0,172]
occur precisely at the interval endpoints it is sufficient
to examine values at 0 and 2.  This yields simply b?
and a” for the minimum and maximum proving (1) and
hence Do O[b,a]. Finaly, since no minimum or
maximum occurs inside this interval we conclude Do
varies monotonically over [b,a] as © varies over [0,772].

Theorem 2
If a>b and a,b>0, then -3b < -a< -b< —H/a.

Theorem 3
If h>-b%a and &b and a,b>0, thea+hb/ Dp> 0

Proof:

d.ef
)=a+——=0
0 Pe0

(€]
= h>- ©
b
ab aDe aa
2)-—=2- > -— ”Theorem 1
b b b
b2 hb
3) h2-—0 +— 0 ”1& 2 & Theorem2
a D
O "ol
Theorem 4

If h>-b%a and &b and a,b>0, theb+ha/ Dy =

Proof:
)@} ha H
)h+— =0
p U
U “el
bD
= h>- ©
a
b Pg  ba
2)-—=2- > -— ”Theoreml
b2 ha
3 h>-—0 b+ 0 |hez
a
U o[

A2 Degeneraciesin TB",,
We defined the true bounding surface as:

RNt o

However, certain values of h<0 yield degenerate cases.
To simplify discussion we restrict further discussion to
a single quadrant, quadrant |, due to the symmetry of
TB".. Degenerate examples for a base ellipse of
a=10,b=11 are shown iRigure 14. In Figure 14a, the
quadrant | ofTB", is shown.. The largest curve is
TB%,,, the base ellipse. Ordered diagonally from top-
right to bottom-left ar@B",, for h=-100/11,-9.25,-9.75,-
10,-10.5,-11,-11.5 and -12. Figure 14b, shows the
complete surface for h=0 and then h=-100/11,-10.5,-12.
Curve h=-100/11 appears reasonable, while curves h=-
9.25,-9.75,-10,-11 exhibit a sharp corner in quadrant 1V.
Curves h=-11.5 and —12 exist in quadrants Ill and IV.
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Figure 14: Degenerate Cases

We can better understand these degenerate cases by
referring to the geometric construction of TB", in Figure
15. In Figure 15 quadrant | of the base ellipse is drawn
(black) along with a corresponding section of TB",
(red). At the labeled points, ab,c and d, a vector is
drawn. The vector is norma to the ellipse and of fixed
magnitude corresponding to a negative height. We can
imagine creating TB",, (red) by sweeping this vector
aong the base ellipse (black) and keeping the vector
normal to the curve. 14a illustrates a non-degenerate
cases while 14b and 14c illustrate degenerate cases.

a

d

Figure15: Construction of TB"for non-degenerate cases (a)
and degenerate cases (b) and (c).

The degenerate curves, in opposite quadrants and
containing inflection points, make troublesome
bounding surfaces. We like to avoid them by finding a
lower bound for h above which they do not occur and
by then showing that typical terrain data satisfies this
bound.

Theillustrated cases occur when the constructed point
of TB",, does not lie in quadrant I. It is easy to show
that h>-b%/aimplies the x and y coordinates of TB",, are
always positive or zero for ©0[0,172]. The x coordinate
is (athb/ Dg)cos®. Both factors are positive or zero on
©0[0,1v2] from Theorem 3. The y coordinate is (b+ha/
De)sin®. Both factors are positive or zero on
©0[0,1v2] from Theorem 4.

Having shown h>-b%/a avoids the degenerate cases,
we now argue that for typical terrain surface models h=>-
b%aisindeed true. This occurs since typically h<<a,b
and a and b are close. For example, in the WGS_84
model of Earth, a= 6378137.0000, b= 6356752.3141 so
-b%a = -6,335,439.327003.  The minimum geodetic
terrain height is several orders of magnitude smaller
than this, around  -15,000.

Finally, due to a technicality when choosing an
elliptical approximation to TB",, we make a minor
modification and stipulate h>-b%a.



A3 B",Bounds TB",,
Here we prove that our choice of B",,:

EBh>Owhenh20

5" (0)= 1
() E ,whenh O (-b2/ a,0)

where

B hso = Eta+ h)cose HJ B;n@H
Bheo = %*’E

bounds TB",:

: 0s 0O, (b + h)sin OEH

TBh (@): % +£Hos®,%+ﬁa'neH
“ %ﬂ s Eﬁ ° ﬁs H
where D@ :\/b2 cos2 O+ a2 sin2 [S)
given our standard assumptions that a=b and a,b>0.

Theorem 5
If h=0, then curve TB",, liesinside or on By

Proof:

We can use the implicit equation of an ellipse
Brso and prove that all points on TB", are inside or on
Biso- Thisistrueif and only if:

2 2
X Y

(a+h)2 ' B) ha
sy

b

O,

where

X = TB:Z(e)[x],Y = TB:Z(O)[Y]
- P(O)2 cos2 o+ Q(O)2 sin2 0c<1

where

P(©) = W,Q(O) =

Now since cos” © +sin © = 1 and both of these terms
are positive, and since both P(@) and Q(©) are positive,
it is sufficient to show that P(©) and Q(©) are both less
than or equal to 1 for ©[0, 2m].

That P(@) < lisasfollows:

PO)<1

% ES (a + h)
-biDg <1 | truesinceab,h>0 (4-1)
= Dg =D ” truefrom Theorem1

Next provethat Q (©)< 1:

ale)<1

- b/iDg =1 |inceab > 0.,h =0
= Dg = b ” truefrom Theorem1
Theorem 6

If hD(-bZ/a,O), then curve TthZ liesinside or on By<.

Proof:

Again, we use the implicit equation of an ellipse
B and prove that all points on TB",, are inside or on
Bhwo. Similar to Theorem 5, thisistrueif and only if:

- P((D)2 cos2 (3+Q((9)zsin2 0<1

Feg, Bad
SR

Now since cos © +sin” © = 1 and both of these terms
are positive, it is sufficient to show that P(©) and Q(©)
are both less than or equal to 1, assuming both P(©) and
Q(O) are positive or zero. Now P(6&)=0 for h>-b%/a
since the numerator is = 0 (Theorem 3) and the
denominator is > 0 (Theorems 2 which show h>-b%a
implies h>-&b). Q(@=0 for h>-f/a since the
numerator is= 0 (Theorem 4) and the denominator is >
0 (Theorems 2 which show h*a implies h>-b).

So continuing to show(©) and Q(©) are both less
than or equal to 1, we begin with@(< 1:

where

P(©) =



% hb%% hbﬁ
. + < + —
D@ a
- D@/asl ||sinceh<0

- Dg £a ” true from Theorem 1

Next provethat Q (©)< 1:

o(o)<1
- + ha Hs b+h
tosie

= a/D@ >1 ||sinceh<0

- Dg <a ” truefrom Theorem1

We conclude, that if hOl(-b%/a,0), then curve TB", lies
inside or on the By «.



