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TOM: Totally Ordered Mesh

A multiresolution structure for time critical graphics applications
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Abstract ics applications: from CAD systems, virtual reality, to interactive
video games. Despite the continuous improvement in performance
Tridimensional interactive applications are confronted to situations of CPUs and graphics accelerators, these scenes, exceeding a mil-
where very large databases have to be animated, transmitted andion of polygons, cannot be handled directly at interactive speeds
displayed in very short bounded times. As it is generally impos- even on high-end machines. An essential feature of scalable inter-
sible to handle the complete graphics description while meeting active 3D applications is thus the ability to trade rendering quality
timing constraint, techniques enabling the extraction and manip- with speed, so as to meet the timing constraints associated to pro-
ulation of a significant part of the geometric database have beenviding the illusion of continuous motion.

the focus of many research works in the field of computer graphics.  The traditional approach is to precompute a small number of
Multiresolution representations of 3D models provide access to 3D independent level-of-detail (LOD) representations of each object
objects at arbitrary resolutions while minimizing appearance degra- composing the scene, choosing at run-time the best one based on a
dation. Several kinds of data structures have been recently proposedaost/benefit analysis [7, 25]. An improvement to this method con-
for dealing with polygonal or parametric representations, but where sists in representing objects as multiresolution meshes, also known
not generally optimized for time-critical applications. We describe as continuous LODs. In this case, the LODs are stored in a dedi-
the TOM (Totally Ordered Mesh), a multiresolution triangle mesh cated data structure from which representations of the mesh can be
structure tailored to the support of time-critical adaptive rendering. extracted with any number of polygons.

The structure grants high speed access to the continuous levels of In this paper, we discuss a multiresolution triangle mesh struc-
detail of a mesh and allows very fast traversal of the list of triangles ture, the Totally Ordered Mesh structure (TOM), that has the fol-
at arbitrary resolution so that bottlenecks in the graphic pipeline are lowing properties:

avoided. Moreover, and without specific compression, the memory
footprint of the TOM is small (about 108% of the single resolution
object in face-vertex form) so that large scenes can be effectively X ;
handled. The TOM structure also supports storage of per vertex of the full resqlutlon mesh and becomes smaller if colors and
(or per corner of triangle) attributes such as colors, normals, tex- texture coordinates are stored.

ture coordinates or dynamic properties. Implementation details are o The mesh can be accessed at any resolution in a short pre-

e The structure is compact. Without using specific compression
techniques the memory overhead of the structure is about 8%

presented along with the results of tests for memory needs, approx-
imation quality, timing and efficacy.

Keywords:  multiresolution modeling, level-of-detail, adaptive
rendering, time-critical graphics

1 Introduction

Synthetic scenes composed of thousands of highly detailed geomet-
ric models are rapidly becoming commonplace in computer graph-
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dictable time. The triangle traversal rates are in the order of a
few million triangles per second on common single processors
machines (R10000 194 Mhz, Pentium Il 300 MHz), which is
comparable to what can be handled by high-end 3D accelera-
tors.

The data structure is designed to make optimal use of the
immediate-mode vertex-face mesh rendering interfaces of
modern graphics libraries. Rendering can be performed by
first transferring to the graphics pipeline compact arrays of
vertex attributes and then streaming through triangles to de-
fine the mesh connectivity with vertex indices.

e The quality and speed of the simplification methods that can

be used to build the structure are competitive with other exist-
ing results.

These properties make this structure a good candidate for mesh

representation in time-critical applications. The TOM structure has
proven useful to support multiresolution scene rendering [9].

The rest of this paper presents related work and discusses our
proposed structure.

Implementation details are presented along

with the results of tests for memory needs, approximation quality,
timing and efficacy. We demonstrate the applicability of the struc-
ture to real-time applications with the implementation of a time-

critical rendering engine that automatically selects the resolution of
a set of objects represented with our multiresolution structure.
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2 Related work the entire database without first decomposing the environment into
individual objects. To support interactive animated environments
2.1 Levels-of-detail composed of many objects, we restrict ourselves to per-object con-

- . o . ) stant resolution rendering.
Many applications dealing with time-critical graphics are able to

store a 3D model in a fixed number of independent resolutions ) . .
(LODs) (e.g. Openlinventor [22] and VRML [29]). The main ad- 3  Multiresolution triangle mesh structure
vantages of LODs are the simplicity of implementation and the fact
that, as LODs are pre-calculated, the polygons can be organized inBecause of their generality, triangle meshes are the most popular
the most efficient way (triangle strips, display list), exploiting raw data structure for approximating surfaces in computer graphics ap-
graphics processing speed with retained-mode graphics. The mairplications. In applications where the main time-critical operation
drawbacks of this technique are related to its memory overhead, is surface rendering, the crucial optimizations are: the traversal of
which severely limits in practice the number of LODs per object. all the structure’s triangles, and the retrieval of attributes at the ver-
As an example, representing an object at just the four LODs 100%, tices. On high-end systems it is particularly important to minimize
75%, 50%, 25% would cause an overhead of 150% over the singlethe amount of data transferred from the application to the graph-
resolution version. The small number of LODs limits the degrees ics pipe, since the host-to-pipe bandwidth limit can cause a per-
of freedom of the display algorithm and might introduce visual ar- formance bottleneck. A particularly effective approach is to con-
tifacts due to the sudden changes of resolution between differing struct primitives by indexing vertex data. Rendering can thus be
representations [13]. The use of accelerated retained mode can alsperformed by first transferring to the graphics pipeline compact ar-
be penalizing if the display lists cannot be entirely loaded in dedi- rays of vertex attributes and then streaming through triangles to de-
cated hardware memory [20, 21]. fine the mesh connectivity with vertex indices. Support for this type
of direct-mode rendering has been recently introduced in high per-
formance graphics libraries (e.g., OpenGL vertex array extension
or Direct3D DrawIndexedPrimitive).
A multiresolution mesh is a compact data structure able to provide In this section we present a multiresolution triangle mesh struc-
on demand a number of LODs that is proportional to the size of ture that efficiently supports vertex packing and indexing. We
the mesh at full resolution. An extensive survey of multiresolution named our data structurtotally Ordered MesHTOM), as it is
techniques is presented by Puppo et al. [24]. based on totally ordered arrays of vertices and triangles. A sim-
In the context of time-critical rendering applications, the desir- ilar structure has been independently developed bgze et al.
able features a multiresolution mesh must possess are low mem{12] for streaming geometry in VRML. Their structure, however,
ory overhead, to deal with large databases and maximize cacheemphasizes the compaction of a small number of LODs in a single
coherency, and fast triangle traversal rates at arbitrary resolutions,structure using a forest split approach, while we focus on continu-
to provide fast adaptive rendering. While some of the existing al- ous LODs for time-critical rendering applications.
gorithms are providing compact representations (e.g. progressive
meshes [15]) or fa_lst trlangle access (e.g. hy_pertrlangulatlons [4]),031 Vertex substitution coding
none of them provide a satisfactory compromise between space an
time constraints, mainly because they were not designed for time- Several algorithms have been recently published that simplify a
critical rendering applications. polygonal mesh by iteratively contracting vertex pairs (e.g. [17,
The Progressive Mesh (PM) [15] representation is the most com- 10, 11, 15, 26, 8, 1]). A vertex pair contraction operation [8], de-
monly used candidate structure. However, even if the representationnoted(v,, v2) — 9, replaces two vertice® , v2) with a single tar-
is compact, it cannot be rendered directly, since it has first to be tra- get points to which all the incident edges are linked, and removes
versed to construct a single resolution mesh structure which canany triangles that have degenerated into lines or points. The opera-
then be used for rendering [16]. Experimental results [16] are in- tion is quite general, and can express both edge-collapse and vertex
dicating a reconstruction rate of less than 200K triangles/sec on aclustering algorithms. The primary difference between vertex pair
Pentium Pro 200 Mhz. While this cost can be amortized on more contraction algorithms lies in how the particular vertex pairs to be
than one frame if the single resolution meshes are cached, this iscollapsed are chosen and in where the new vertices are positioned.
at the expense of memory. Moreover, exploiting per-object frame-

to-frame coherency is only a partial solution for complex scenes, -

because of the discontinuity in scene complexity caused by objects——;

entering into or exiting from the viewing frustum [7]. qp >’< — ><
. —_— ,

2.3 Dynamic simplification .. VA(

An alternative to per-object LOD selection is to dynamically re- o o
tessellate visible objects continuously as the user’s viewing position Figure 1:Vertex substitution. On the left, the substitution, —
shifts. As dynamic re-tessellation adds a run-time overhead, this v2 removes two triangles, g8, v2) is an edge. On the right, the
approach is suitable when dealing with very large objects or static Substitutionv; — v, just connects two disjoint mesh regions. In
environments, when the time gained because of the better simpli-Poth cases, all the simplification information can be retrieved from
fication is larger than the additional time spent in the selection al- data stored at the vertex level in the original vertex list.
gorithm. For this reason, this technique has been applied when the
entire scene, or most of it, can be seen as a single multiresolution We definevertex substitutiondenotedv; — wvs, the restricted
object from which to extract variable resolution representations.  form of vertex pair contraction where the target points con-

The classic applications of dynamic re-tessellation techniques strained to be the second vertex of the pair Vertex substitution
are in terrain visualization (see [14] for a survey). Xiaetal. [31, 30] has the interesting property that it does not create any new vertex
discuss the application of progressive meshes to scientific visualiza-during the transformation. We can also consider that it does not
tion. Luebke and Erikson [21] apply hierarchical dynamic simpli- require the creation of any new triangle: during the vertex substi-
fication to large polygonal CAD models, by adaptively processing tution transformation, the surviving triangles can be interpreted as

2.2 Multiresolution meshes



To appear in the International Journal of Image and Graphics

unchanged if we consider that the removed vertex is replaced atvertex list and on the triangle list based on the contraction resolu-
lower resolutions by the remaining vertex of the contracted vertex tion. We first sort the triangles by increasing resolution so that the
pair (in figure 1, after the substitutian — v, vertexv, becomes first n triangles are representing thelowest resolution triangles.
equivalent to vertexs, trianglesT,, T, andT. are unchanged). Sorting according to this order after the simplification generates a
By iteratively applying vertex substitution, a triangle mesh can compact and efficient data structure.
be reduced by removing one vertex and possibly some degener- By ordering the vertex list, we obtain an optimally packed rep-
ated faces at a time (see figure 1). During the simplification pro- resentation where the active vertices at resolutiame exactly the
cess, no new vertex is inserted and the triangle list is not modified. first » ones in the vertex array. During the ordering operation, we
Therefore, vertex substitution is an ideal transformation to create a maintain a map relating old and new positions of the vertices in
multiresolution structure in a compact way, as all the simplification the original and sorted vertex buffer so that triangles and vertex
information can be encoded by just adding constant-size informa- substitution indices can both be correctly updated afterwards. In
tion to the vertex records in the original vertex list. The memory the case of graphics libraries supporting indexed mesh primitives,
overhead introduced to store the multiresolution mesh is limited to vertex data accessed at an arbitrary resolution may thus be commu-
the space required to store the vertex substitution history associatechicated to the graphics pipeline for the rendering operation in the
to vertex pair contraction. We encode a vertex substitution by as- most efficient way, by passing a pointer to the first element in the
sociating to each vertex the reference to the vertex by which it is to contiguous block of memory storing the vertices together with the
be substituted. The resolution at which the substitution occurs needactive vertex count.

not be encoded as it is equal to the vertex index after sorting. Moreover, by ordering the triangle list, we have a way to iterate
The necessary data structures are summarized as follows: through the triangles that define the mesh at an arbitrary resolution
in a time depending only on the number of active triangles and the
MESH = { lengths of the vertex substitution chains. Fortunately, these lengths
ARRAY<VERTEX> vertices are limited and relatively independent from the model size (see sec-
ARRAY<TRIANGLE> triangles tion 4). In any case the depth at full resolution is alwayso that
} triangle traversal at full resolution is strictly linear. When resolu-
tion decreases, the traversal rate also decreases but slowly, because
TRIANGLE = { vertex substitution cannot, by definition, create too long chains for
VERTEX_INDEX[3] vertices - all the vertices. In fact, each vertex substitution — w2 incre-
triangle connectivity ments by one the depth of all the vertex chains containing veitex
} but also keeps unchanged the length of all chains containing vertex
V2.
VERTEX = { The following algorithm describes how to access all the triangles
VERTEX INDEX substitute of a mesh for rendering at an arbitrary resolution:
ATTRIBUTES attributes
} -- 1. Send Vertex data
ATTRIBUTES = { -
POINT3 position o i
VECTOR3 normal .. Send to pipeline the first
. color, texture, ..“r_equested_resolution” vertices
. and other vertex at- - in the vertex array
tributes ...
} -

-- 2. Retrieve last vertex index at
-- current resolution

--resolution is defined by the
--number of triangle 'tri_count’

last_triangle := trianglestri_count]

The space overhead associated to the information added to the
original single-resolution mesh is equali@, * S;nqe. Where:

e N, is the number of vertices;

from
e Sindes IS the size used to store the index to a vertex of the until v := last_triangle.vertices
mesh VIO]=v[1] or V[0]=v[2] or V[L]=v[2]
. . S loo

For a typical mesh ofV; = 2N, triangles, considering to use P — i receives the position of
32 bits to represent both a vertex index and a floating point number, - the max of the triple (v[0], V[1], V[2])
the overhead associated to the above structure is less than 8% of the i := PosMax(v[0], V[1], V[2]) ’ ’
single full resolution mesh memory footprint when only position vii] = v[i].substittljte '
and normals are associated to vertices and becomes even smaller if res_max := Vi
other attributes such as colors and texture coordinates are present. end -

We could still reduce the size of the mesh using mesh compression
techniques [6], but this is not appropriate for time-critical rendering
applications.

-- 3. Send connectivity information
3.2 Total ordering for packing and traversal =

As iterative vertex substitution does not modify vertex data and current_triangle:= triangles.first
does not add new vertices, a total order can be defined both on the until
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current_triangle = last_triangle
loop
v = current_triangle.vertices
from
i=0
until
i > 2
loop
while
V[i] > res_max
do
V[i] = v[i].substitute
end
end
-- Send (v[0], v[1], V[2]) as con-
nectivity information for
-- the graphics pipeline

current_triangle:= triangles.next
end

Resolution = 6 Resolution =5.5 Resolution =5

Figure 3: Geomorph. Smooth transitions between resolutions is
obtained by interpolating vertex data along the last vertex substitu-
tion.

4 Implementation and results

A software library supporting the multiresolution triangle mesh
structure described in this paper has been implemented and tested

on Silicon Graphics and Windows NT machines. The results pre-
sented here were obtained on both architectures. The triangle
meshes used in the evaluation were selected among those available
in the public domain to enable comparison with other approaches.
Associating rendering attributes to vertices is not always sufficient The characteristics of these meshes are summarized in table 1.

as it prevents modeling objects having discontinuities on their at-

3.3 Attribute discontinuity

tributes. It is, for example, not possible to model sharp edges or| Mesh | Vertices Triangles | Site

to have adjacent triangles with distinct colors. A possible solution | bunny 35942 69449| www-graphics.stanford.edu

is to store the attributes by corners or using a wedge structure[16].| fandisk 6871 12946| www.research.microsoft.com/hopge
Both of the techniques have the drawback of introducing time and | COw 2915 5804 | www.cs.cmu.edu/ garland/cow.htm)

space overheads in the case of mostly continuous meshes: storing
attributes at corners is space inefficient for vertices sharing the same
attributes, and using a wedge structure introduces an indirection in

accessing vertex data.

Table 1:Triangle meshes used in the tests

4.1 Simplification

Aqribut&_e ) Same Position,
Discontinuity Different Attributes

Our multiresolution structure requires that the mesh simplification
method neither creates new triangles nor new vertices. As in [18],
we have implemented mesh simplification schemes based on itera-
tive vertex substitution in a generic framework of greedy algorithms
for heuristic optimization. The generic greedy algorithm is param-
eterized by inary oracle deciding which vertex substitutions are
N legal, and dairness predicatewhich assigns priorities to all vertex
ull Area . . . . . .
Triangle substitutions in the legal candidate sets. The algorithm proceeds in
a series of greedy steps until the candidate set is empty. In each
greedy step, the best vertex substitution is removed from the can-
Figure 2:Attribute discontinuity. Discontinuities are handled in-  didate set, the mesh is modified accordingly, and new substitutions
troducing degenerate triangles. are reevaluated for the vertices affected by the mesh change. To
speed-up these operations, the candidate set is implemented as a
) ) o o heap keyed on the priority, and references to the heap entries that
We prefer instead to manage discontinuities by duplicating ver- have to be modified are associated to each of the active vertices.
tices with different attributes and introducing degenerated triangles Building a multiresolution structure for a mesh withfaces has
to preserve topology (see figure 2). As the number of discontinu- thys nearlyO(n) time complexity when using local binary oracles
ous edges is generally very small compared to the total number of 3nd fairmess predicates, as time is dominated by priority computa-
edges, the memory overhead is small, and no indirection is neces+jon and not by heap maintenance.
sary to access vertex data. As in [1, 18] we have noticed in our various experiments that
the most important factor to preserve quality during mesh simpli-
fication is the order in which operations are done, and that a good
3.4 Geomorphs mesh reduction scheme can be achieved without inserting new ver-
tices. Most of the methods that have been recently proposed can be
Smooth transitions between resolutions can be obtained by interpo-adapted and restricted to vertex substitution and are implemented
lating vertex data. As simplification proceeds by substituting only in this framework by just defining an appropriate binary oracle and
one vertex at each step, only the attributes for the last active ver-fairness predicate. As noted by Garland and Heckbert [8], and con-
tex (i.e. the one that will be substituted at the next step) have to firmed by our experiments (see section 4), the effect of vertex po-
be interpolated. We currently implement this feature using linear sition optimization in vertex contraction algorithms is only notice-
interpolation for all data (see figure 3). able at very low resolutions. Since our context is multiresolution
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Figure 4:Sequence of approximations of théunny, cow, and fandisk datasets.The original models on the left have full resolution. The
approximations to the right have 20%, 10%, 5%, and 1% triangles respectively.

rendering, objects at low resolution do not need lots of details, as comparison has been done using the publicly avails#éo tool
they contribute very little to the images. The loss in simplification [23], which measures surface deviation and is thus biased towards
quality is thus low, when compared to the performance gains pro- simplification algorithms which use that criterion to guide simpli-

vided by vertex substitution. fication. Figure 5 and table 2 summarize the results obtained on
The possible vertex substitutioms — v, accepted by the bi- the bunnymodel. The source for data on competing algorithms is
nary oracle used for this paper, as in [8], are those for whighv2) reference [3]. Despite the constraints imposed by the multiresolu-

is an edge ofjv; — v2|| < t, wheret is a user-selected thresh-  tion structure and the simple memoryless binary oracle and fairness
old parameter. This makes it possible to connect disjoint mesh re- predicate, our simplification algorithm obtains results comparable
gions during simplification. We obtained good results for the error to those of recently published simplification methods. The visual
(see section 4) by using a simple fairness predicate that computes ajuality of the approximations is illustrated in figure 4.

penalty coefficient with a simple memoryless technique similar to

the one introduced by Lindstrom and Turk [19]. In all the examples Vertices | Triangles | Maximum error | Average error
we have used the following formula: 17418 (50%) 34653 0.47433 0.01009
8079 (25%) 16006 0.83984 0.01631
3484 (10%) 6873 0.79855 0.02583
€oy—vy = AViy vy + [|[U1 = 02[|AAy; 0y + 0INVY, 0y 1742 (5%) 3428 1.04764 0.04387
- . . 697 (2%) 1361 1.02499 0.09544

where the penalty,, —.., is a linear function of the volume vari- 0
. > < h 349 (1%) 675 1.78891 0.18555
ationAV,, _..,, the area variatiol A,,, .., the distance between 175 (0.5%) 337 241363 0.34466

vertices in a paifjvy — v2||, and a penaltg Inv.,, —., which heav-

ily penalizes substitutions that cause mesh inversion. We note that
in our case the volume variation can be efficiently computed. As . . ;

we apply vertex substitution, the volume variation is the sum of the gitave:)r:]o;:s resolutions. Errors are % of the dataset bounding box
tetrahedra based on the triangles that are modified during the con- 9 ’
traction and that are passing by the vertex that is removed during
the contraction.

When dealing with degenerated triangles to support attributes 4.1.2 Time
discontinuity, the way the penalty is computed must be adapted . -
as simplifying a degenerated triangle doesn't change its volume, 1€ performances that we have obtained when building our mul-
area and the distance between its vertices can be null. In this caseliresolution structure from the full resolution mesh are presented in

our solution is to introduce an additional coefficient measuring the @Ple 3. The simplification time is linear with the full resolution

distance between the vertices attributes. In the case of purely ge_triangle count, and exceeds the rate of 1000 triangles/second on all

ometric meshes (as those in the results section), we simply add tomodels that we have tested. The simplification time is thus compa-

the penalty a termA\ N, ., proportional to the angle between the able to that of other approaches (see [3, 19]), even though, in our
normals of the two vertices of the pair. case, the output is a full multiresolution representation instead of a

single simplified model. This shows that little overhead is associ-
ated to constructing the structure.

Table 2: Geometric error measurements for thebunny model

4.1.1 Quality

In order to assess the quality of the meshes representable by our Mesh | Time (seconds)| Triangles/second
multiresolution structure, we have compared the results obtained by bunny 50.6 1370.5
our simplification algorithm with those generated with other state- fandisk 10.1 1286.8
of-the art techniques. The algorithms considered are Mesh Decima- cow 3.9 1482.2
tion [27], Progressive Meshes [15], Simplification Envelopes [5],

Multiresolution Decimation [2], and Quadric Error Metric [8]. The Table 3:Multiresolution construction time.
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Bunny Mesh - Mean Error Bunny Mesh - Max Error
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Figure 5: Mean and maximum geometric error. Errors are % of the dataset bounding box diagonal. The source for data on competing
algorithms is reference [3]

4.2 Memory to traverse all active triangles while retrieving vertex attributes at a
speed sufficient to feed the 3D graphics pipeline even on high-end

Table 4 summarizes the storage requirements of the TOM structuregpy 4 ccelerators

for the test meshes, compared to the original mesh in face-vertex
form, to a typical LOD representation with the six levels of details
100%, 50%, 25%, 12%, 6%, 3%, and to a progressive mesh (PM) 1

representation using the memory-resident data structure presented Fatdok ~—
in [16], simplified by removing face-level attributes to make com- ow =
parison fair. As the PM representation cannot be rendered directly,
but has first to be traversed to construct a single resolution mesh
structure [16], we provide for this representation the minimum and
maximum memory required, corresponding to rendering the mesh
at the lowest, respectively highest, possible resolution. All size es-
timations assume that the mesh contains only normals as vertex at-
tributes, and that 32 bits are used for both integer and floating point

Triangle traversal overhead

data. 0 0.2 0,4R ut 0.6 0.8 1
Mesh bunny fandisk cow ; . : ; ;
Figure 6:Multiresolution traversal overhead. Ratio of extra ver-
Face-Vertex | 1696 (1002/0) 320 (1002/0) 140 (1002/") tices traversed to render meshes at multiple resolutions. Resolution
TOM 1840 (108%)| 348 (108%) | 151 (108%) expressed as fraction of vertices.
LOD 3521 (213%)| 666 (213%)| 290 (212%)
PM-0% 1966 (119%)| 376 (120%)| 159 (117%)
PM-100% | 4436 (268%)| 840 (269%)| 364 (267%) Figure 7 presents the data structure traversal and rendering per-

formance obtained with the multiresolution structure for toev
Table 4: Minimum storage needs for a rendering application. mesh. Similar results were obtained for the other meshes and are
Sizes in Kb, percentages are with respect to the mesh in face-vertexnot presented here. For the benchmarks we used two directional
form. lights, Gouraud shading, and a viewing configuration compressing

the mesh to a 50x50 pixel area, to avoid fill-rate bottlenecks. Our

As we can see from table 4, the TOM multiresolution structure is currentimplementation renders meshes with the strict OpenGL core

the most compact, with an overhead of only 8% with respect to the command set as a sequence of independent triangles whose vertices
single resolution mesh in face-vertex form. The overhead fraction are specified usinglNormal/glVertex calls. Rendering with
is further reduced when associating more attributes at each vertexvertex index extension is slower, as rendering indexed primitives is
(e.g. color, texture coordinates). only emulated in the drivers used. We expect a performance im-
provement with native implementation tieXT_vertex _array
extension.

As we can see, even using standard OpenGL, the rendering per-
As we are focusing on time-critical scene rendering applications, formance at all resolutions for the multiresolution version is similar

the most important results are relative to the triangle traversal rate to the limit given by rendering a streamlined version of the mesh. In
through our multiresolution structure. The overhead with respect to both cases, the meshes are rendered at a constant speed of about 800
traversing a single resolution mesh is only dependent on the lengthsKTris/second at all resolutions, showing that our linear cost heuris-

of the vertex substitution chains. Figure 6 presents the overheadtics is a good approximation of the rendering behavior. Triangle
associated to traversing thenny fandisk andcowmeshes at var- traversal rates on the multiresolution structure, measured by having
ious resolutions. As we can see, the results on different meshesthe traversal routine call empty vertex/normal procedures are well
are very similar. The overhead grows slowly with the simplifica- above the rates obtained with the rendering code for all resolutions,
tion ratio, and in all cases, never exceeds 75%. It is thus possiblesince they range from 3.7 MTris/second to over 10 MTris/second.

4.3 Traversal and rendering
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discrete LODs [7, 25]. The wide range of continuous variation of
e | TN g Y e dering ) resolution for objects in a scene is illustrated by the close-up view
of figure 10.

10000000 — T
8000000 r

6000000 ) = =

4000000 ¢ -
Camera Target

2000000 r

Speeu (UIaNgiesiseconu)

0 T T T T T T T T T
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Resolution (fraction of total triangles)

Figure 7:Multiresolution traversal and rendering performance.

Timing statistics for thecow mesh. Experimental measures on a

SGI 320, single 500 MHz Pentium 11l with 512 Kb L2 cache, 256

Mb RAM, Cobalt graphics. Rendering environment: two direc-

tional lights, one material per object, Gouraud shading, independent

triangles, one normal per vertex Figure 8:Adaptive rendering test sceneThe total scene complex-
ity is 1.15 Mtriangles. The fly-through path analyzed is traversed
from left to right.

4.4 Time-critical rendering application

We have developed an application that demonstrates the perfor- .

mances of our structure in a time-critical context. The rendering © Conclusions

engine is based on a feedback algorithm that automatically selects ) ) .

the resolution of the objects of the scene. The technique used is\We have presented a simple multiresolution data structure for rep-
based on a simplstress managemeapproach [7, 25]. Two state resenting contlnuous_I_evels-of-detall of triangle meshes. T_he struc-
variables, the systedad, defined as the fraction of expected time ~ ture is compact, requiring only a small overhead over the single full
actually used to render the frame, and the systerass, a function resplutlon mesh_, provides fast trlangle_ and vertex_travers_,al rates at
of load over time, are used to increase or reduce the number of ren-arbitrary resolution, and can make optimal use of immediate-mode
dered triangles so as to meet the timing deadlines. At system start,vertex-face mesh rendering interfaces.

the stress is initialized at one. At the beginning of each frame, the ANy simplification method reducible to a sequence of vertex sub-
system selects the resolution at which to render the visible objects Stitutions can be used to build the structure. The quality and speed
by linearly mapping to the available resolution range their bound- Of the simple memoryless simplification technique we have illus-
ing box screen coverage scaledlystress. Thus, when the stress  trated are competitive with other existing results.

is high, coarser models are chosen so as to reduce future system These characteristics makes it very appropriate for mesh repre-

load. At the end of a fram@/, loady andstressy are updated as ~ Sentation in time-critical scene rendering applications. We have in-
follows: tegrated the structure in a collaborative CAD system [28] and in an

experimental time-critical rendering engine [9]. Our future work
will focus on extending the structure to support view-dependent res-

loady = TNacwal/Tewected olution optimization.
stressy—1 % (1 — ) if loadny < load™™
stressy = stressn—1 % (1 + ) if loady > load™** Acknowledgments
stressy—1 otherwise
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Figure 9: Adaptive rendering statistics Data gathered during fly-through illustrated in figure 8 WItREPeted = 100ms, o = 0.4,

load™"™ = 0.5 andload™** = 1.0. Notice the large increase/decrease in scene complexity due to culling. Results obtained on a Silicon
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Figure 10:Adaptive rendering test scene Close-up view during fly-through. The image to the left is the one presented to the viewer, while

the image to the right is rendered with flat shading to show the variation in levels of detail, not noticeable otherwise. Results obtained on a
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size of 1 Mbyte, main memory size of 1Gb, and an InfiniteReality graphics board with two raster managers with 64 Mb of texture memory.
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