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ABSTRACT

The use of reflection lines and specular high lights for the quality control of car body surfaces is an important issue
in the development process of a car. The interactive examination is based on standard graphics tools such as the
SceneViewer of OpenInventor which simulates reflection lines by using striped environment maps. The interpolation
of texturing and shading values is critical and requires high quality meshes. Thus, element shape and size are essential.
In this paper we present a new technique for the tessellation of trimmed surfaces. The result of the algorithm is a
2-manifold mesh with a low triangle count and a triangulation pattern which is best suited for the visualization.
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1. INTRODUCTION

Examining car bodies by reflection lines and specular
high lights is an important issue in the development
process of a car. It is not only used to discover cur-
vature discontinuities. Such lines also reveal the char-
acter of the car body, no matter, whether it is for the
overall shape or the details of certain parts. In order to
shorten development time, designers and construction
engineers meet frequently to examine the car shape
and to tune the character of the car.

Nowaday, this quality control process is done by gen-
erating triangle meshes from the CAD-models and ex-
amining them via standard graphic tools, such as the
SceneViewer of Openlnventor. The reflection lines are
simulated by environment texturing using an image
with horizontal or vertical lines whereas the high lights
are simulated with a highly specular material and mov-
ing the light source around the part. The standard
texturing method requires the RGB-values to be inter-
polated across the surface elements. Similarly, triangle
shading interpolates colors and intensities. In order to
obtain high quality images, the interpolation process
is crucial. Thus, size and shape of the triangles are of
special interest.

There exist many methods for generating triangular

meshes out of NURBS patches ([1], [2], [3], [4], [5],
[6]). Some of them are optimized for speed whereas
others are optimized for lowest triangle count or best
approximation. There also exist a large number of
techniques for the tessellation of trimmed patches for
car body parts. These methods are optimized with
respect to the reflection lines, which is crucial for the
quality evaluation of the surface.

In this paper we first present a set of common require-
ments for tessellated surfaces. Since none of the ex-
isting methods perfectly fits these requirements, we
propose a new algorithm which generates high qual-
ity tessellations optimized for the quality control of
trimmed patches of car body parts.

Car parts usually consist of several NURBS patches.
Tessellating them individually often results in a speck-
led rendering on the screen. These artefacts are pro-
duced by T-vertices (hanging nodes), holes or cracks
along adjacent faces. Since the main goal is a high
quality visualization, we have to eliminate distortions.
Most of the CAD-programs declare the adjacencies be-
tween patches, but only at the end of the construc-
tion stage. In order to improve the development time,
car parts are visualized from the very beginning up
to the end of the car design. Therefore, an efficient
quality control system has to be able to find out the



adjacencies of the single faces independently of the in-
formation provided by the CAD-system. We address
this problem in the second part of the paper, where we
present a new algorithm which automatically finds out
all adjacent surfaces and creates a consistent mesh.

2. PRELIMINARIES

The car industry used to have cube like rooms with
many parallel light rows on the wall and on the ceiling
to examine car bodies for surface errors and design
issues. They put a car body with a highly reflective
surface into that room and examined the reflected light
rows, called Reflection lines, on the surface. This is
known as Cubing process. Since you need a physical
body for that, you have to cut the current CAD model
out of a block of UREOL. This is a very expensive
and time consuming process. Digital examination on
a computer screen offers a very attractive method to
tune this process. It allows several cubing sessions,
even at one day, i.e. you can examine several different
designs and compare them to each other. Additionally,
errors in surfaces can be corrected and re-examined
instantly, i.e. in minutes instead of weeks.

For this, we use standard graphic tools available at
modern graphic workstations, like the SceneViewer of
Openlnventor. We use a sphere environment texture
to simulate the reflection lines and display a triangular
mesh in the viewer, where you can zoom in/out and
rotate the model having the same effect as walking
around the physical car model in the cubing room.

Since we use interactive tools for visualization it is
mandatory to keep triangle count low. Our goal is
to create meshes with as less triangles as possible but
as much as necessary to meet both a graphic quality
criterion regarding displaying of reflection lines and
specular high lights and a shape quality criterion for
proper approximation of the shape within a given tol-
erance €.

2.1 Issues on Reflection lines

Reflection lines have exact one order less continuity
than the considered surface, i.e. if the line is just G°-
continuous, the surface is G*-continuous, if it is even
G"-discontinuous, you have got a fold in the surface,
Fig. 1.

While environment mapping is on, a reflection vec-
tor from the viewer to a triangle’s vertex is calculated
by the graphics hardware according to the normal at
that vertex. That means, we have three texture co-
ordinates for a triangle. The graphics hardware now
pastes the bilinearly interpolated texture fragment on
the triangle.

Due to the linear interpolation, reflection lines are ap-
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Figure 1: This figure shows the behavior of reflec-
tion lines. a) Surfaceis G2-continuous b) Surface
is G!-continuous c) Surface is G°-continuous

proximated by linear line segments, which depend on
the size of the triangles. This means, if you examine
the object from a relatively far distance, the reflection
lines are approximated well. But, when zooming in,
the quality of the reflection lines deteriorates, because
the displayed triangles are larger on the screen, caus-
ing coarse approximation of reflection lines. Reducing
triangle size will improve image quality, but will also
increase graphics load.

In Fig. 2 one clearly sees, that thin triangles or even an
improper triangulation, drastically influence the qual-
ity of the displayed reflection lines. These artifacts can
be avoided by using a regularly triangulated mesh as
it is shown in Fig. 2(a,b). This triangulation is based
on nearly equidistant iso-parametric lines in 3D.

2.2 Issues on Specular High Lights

For specular high lights a regular pattern of triangles
is at least as important as for reflection lines. With
specular high lights you can consider certain design
themes. For example, two parts should be constructed
and placed in such a way, that there is no discontinu-
ity of the specular reflection across part boundaries,
Fig. 3.

3. RELATED WORK

The tessellation of trimmed surfaces is not a trivial
task, especially in the case of automatically created
surfaces. In order to keep a high frame rate for ren-
dering, we want to have as few triangles as possible.
We are looking for a method which minimizes inter-
polation artifacts and generates a triangle mesh with
regular patterns by providing parameters of max. ap-
proximation error and max. grid size. Grid size means
the distance between two vertices on iso-parametric
lines.

In this section we analyze different approaches and
compare their results. We show, that none of these
approaches actually fit our demands, i.e. the gener-
ation of high quality meshes for the visualization of
reflection lines with low triangle count.



(a) Artifacts caused by thin triangles

(b) Artifacts caused by improper triangulation

Figure 2: Examples of artifacts on reflection lines pretending an error in the surface representation

File  Edit Viewing  Selection  Editors  Manips  Lights  Flip

production constrained different radii

ot Roty (=]

Figure 3: Course of high lights across parts. The
radii of both parts cannot be changed. The task is
to arrange both parts to get a high light course that
is as smooth as possible.

3.1 CATIA Openlinventor Export

CATTIA has an integrated OpenlInventor export. This
module produces excellent meshes with regard to vi-
sualization quality. However triangle count could be
lower. In this paper we present a method which pro-
duces meshes with equivalent visual quality, same ap-
proximation error, but use only about 60% of the tri-
angles.

3.2 GLU-Tessellator

The GLU-Tessellator comes with OpenGL 1.2 as a
standard, with OpenGL 1.1 it may be available as
an extension. We used it for this paper on an IRIX
6.5.8 system. Since it is implementation dependent,
result may differ from system to system. For the GLU-
Tessellator, you have to provide the surface as NURBS
patch. For the trim curves, you have the choice of
providing the trim curves also as NURBS curves or as
already tessellated trim polygons. Providing NURBS
curves, often causes the tessellator to abort, because
the given trim curves are self-intersecting. So we de-
cided to tessellate the trim curves by our own algo-
rithm. Additionally, it is only possible to give one
desired tessellation parameter, either € approximation
error or maximal grid size.

As you can see in Fig. 4(a), the tessellator produces
a high triangle count and may also produce artifacts
like in Fig. 2.



3.3 Minimizing triangle count

A possibility to reduce triangle count is to do mesh
reduction. We reduced a mesh, created by the GLU-
Tessellator, with the algorithm of Campagna [7]. The
results are shown in Fig. 4(b,c). The resulting mesh
has a much lower triangle count but the reflection lines
are disrupted pretending an error in the surface.

A method presented by Klein [8] is based on a different
approach. He takes a large set of domain values and
inserts incrementally those values, which minimize the
resulting approximation error until a certain threshold
for the error is reached. The local area of the domain
around the inserted vertex is re-triangulated to fulfill
2D-Delaunay criteria. This results in a very low tri-
angle count but may lead to disrupted reflection lines
like in Fig. 2(b) or Fig. 4(c).

Steinbrenner et al. [9] introduced an algorithm which
produces meshes with a similar irregular structure like
reduced meshes. Thus you have similar results, if tri-
angle count is low.

3.4 Equidistant domain values

Here, we use equidistant parameterization of n, X n,
so, that m, and n, are the lowest integer to fulfill
the given 3D criteria. As you can see in Fig. 5(a),
equidistant iso-parametric lines does not necessarily
mean 3D equidistance and often produce much more
triangle count and may lead to same artifacts as the
GLU-Tessellator.

4. THE TESSELLATION ALGORITHM

In this section we present a new approach for the gen-
eration of meshes with a low triangle count and a reg-
ular inner structure, which are well suited for surface
visualization, avoiding any visual artifacts as described
above.

4.1 Automatic basic CAD Repair

In this paper we only consider data sets, which are ex-
ported from CATIA, a very popular CAD-program in
the car industry, in the VDAFS file format. VDAFS is
a standard interface defined by the German car maker
association (VDA). Since this data is very complex and
difficult to handle, even for sophisticated commercial
packages, the exported data is in many cases inconsis-
tent. Thus, the first processing step is CAD repair.

We only handle a subset of the VDAFS interface. We
restrict to trimmed and untrimmed surfaces and 2D
domain trim curves which are needed by trimmed sur-
faces. These are:

e A SURFACE consists of m x n Bézier patches

which share a common parameter domain
[uoaul] X [1)07 Ul]'

e A domain trim curve CONS is defined by k 2D-
Bézier curves which also share a common param-
eter domain [wo, w1].

e A FACE references a SURFACE and can have
several trim curves. The first one defines the
outer shape of the FACE, whereas the following
cut holes out of the SURFACE. Each trim curve
consists of at least one CONS element and has to
be a closed curve.

In order to be general and accept any type of input,
n X m Bézier patches could be converted into a single
NURBS patch. Nevertheless, the CAD system creates
Bézier patches of order 20, e.g. for blending surfaces.
Creating a single NURBS patch means, that all n x
m sub patches have the same highest order. Since
performance is also an issue, we decided just to force
conditions of adjacent continuous Bézier patches, i.e.
all patches of one row have to have the same v-order
and all patches of one column have to have the same
u-order. Therefore, there is no restriction for NURBS
input data, because all sub patches already have the
same order.

First, all rows and columns are inspected and checked,
if the conditions for adjacent Bézier patches are ful-
filled, i.e. w- and v-orders, the right domain values
and common control points. Different orders are au-
tomatically corrected by increasing the degree. If there
are any errors, except for different orders, the face will
not be accepted.

Then, G*-continuity in the trimmed area along ad-
jacent patches is controlled. If a surface is detected,
which does not satisfy this condition, it is automat-
ically detected and triangulated. During the visu-
alization, these surfaces are colored to indicate the
problem. Usually, SURFACES which are not G'-
continuous are created with the help of blending func-
tions or are modeled individually by hand.

Finally, the trim curves are checked. For the same
reasons as above, we use the Bézier form. This step
is much more critical, because a CONS often consists
of many Bézier curves of lower and higher order. The
resulting NURBS curves consist of sub curves all of
the same order, resulting in a performance penalty.

The trim curves consist of several CONS curves and
have to be closed. Thus, each CONS have to be
checked for consistence, i.e. common control points
and domain values. Finally, the CONS curves are con-
nected to form a closed curve, Fig. 7.

The experience shows that real CAD data sets often
contain non-closed trim curves. For example, CONS
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(a) GLU-Tessellator of IRIX 6.5.8 (b) Reflection lines are rendered ambigously. The characteristics of the reflec-
produces lots of triangles so that re- tion lines is wavy due to the low triangle count and irregular structure of the
flection lines are rendered correctly mesh. So you cannot be sure that there is no design flaw in the surface.

Figure 4: Meshes with high and low triangle count.
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(a) equidistant domain values (b) Delaunay triangulation (c) Preserving iso-parametric lines

Figure 5: 5(a) shows equidistant iso-parametric lines in 2D. 5(b) and 5(c) show equidistant iso lines in 3D but
different triangulation
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Figure 7: CATIA often exports trim segments which
are not connected properly.

curves which actually should be adjacent, slightly dif-
fer, or in the case that degenerated SURFACES are
used, e.g. ”"suit-case-corner”, one CONS element is
missing, i.e. the one which has a 3D length of 0. Since
we use domain based trim curves, we have to fill the
missing segments and force the trim curve to be con-
tinuous and closed, see Fig. 8.

4.2 Adaptive domain values

In order to obtain 3D equidistant iso-parametric lines
and a regular grid, it is necessary to adapt each do-
main direction (u,v) individually. Then, we obtain
the grid by the tensor product. Each u-value can be
found by first approximating the arc length to the de-
sired grid size, and then by satisfying the imposed ge-
ometric constraints. In Fig. 5 the difference between
an equidistant parameterization in 2D, Fig. 5(a), and
3D, Fig. 5(b,c) is shown.

4.3 Inserting Trim Curves

The trim curves, which are applied in domain space,
are tessellated in a similar manner so that they also fit
the given criteria, i.e. maximal arc length in 3D and
maximal geometric deviation.

A natural way to insert trim polygons would be to in-
sert the polygon segments and generate a constrained
Delaunay triangulation ([10]). Nevertheless, as one
can see in Fig. 5(b), this approach does not lead to
the desired results. A 2D-Delaunay criteria does not
necessarily fit into 3D space, in particular along trim
curves. This fact may produce artifacts when display-
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Figure 8: If arow of control points coincides, CATIA
omits the corresponding trim segment, resulting in
anon-closed trim curve.

ing reflection lines.

The solution is to preserve the grid structure of the
iso-parametric lines. First, the parameter domain is
subdivided into quadrilaterals as it was shown above.
Then, the polygons resulting from the trim curves are
inserted into the grid by clipping each polygon segment
against each rectangle with the Cohen-Sutherland clip-
ping algorithm. If a grid rectangle is intersected, a
constrained Delaunay triangulation of the rectangle
and the clipped segments is done. Those rectangles
which are not intersected by the trim polygons can
be handled in two different ways. First, the rectan-
gle is used for rendering with the help of an OpenGL
GL_QUAD object, Fig. 9. Second, the rectangle is
split into two triangles (chosen so that they best fit for
surface approximation). This approach preserves the
grid structure as shown in Fig. 10(b).

4.4 Stitching Adjacent Meshes

Car parts usually consist of many trimmed surfaces.
The adjacencies of those faces are usually determined
semi automatically by the constructor in the CAD pro-
gram. This is a very time consuming task and is usu-
ally done at the final construction stage. If this infor-
mation is missing, adjacent faces are tessellated indi-
vidually. Thus, along common boundaries, T-cracks
arise (see Fig. 11), which result in speckled images.
The adjacencies are automatically determined within
a given tolerance € by comparing each mesh with all
other meshes. The search is carried out with the help
of a global BSP-tree, which results in a algorithm of
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Figure 9: Grid rectangles are left as GL . QUADs
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Figure 10: Generation of the domain triangulation.
a) Tessellation of trim curve b)inserting iso-values
c) polygon reduction d) generating triangulation
for untrimmed surface e) inserting trim polygon
and retriangulation of concerned quads

Figure 11: T-Junctions along common face bound-
aries.

complexity nlogn.

4.5 Fixing Orientation

Adjacent meshes may be differently oriented, see
Fig. 14(a). In order to obtain a 2-manifold single mesh,
this problem has to be fixed.

For this purpose we use the common boundary seg-
ment information obtained during the stitching pro-
cess. If we have found a common boundary edge, we
decide, if the neighbor meshes have same orientation,
Fig. 14(b). If this is not the case, the orientation of
one mesh is changed. The mesh is marked and will not
be touched again, see 5.3 for implementation details.

4.6 Reducing Stitched Boundaries

Since adjacent patches usually do not have common
vertices, the stitching step introduces many additional
triangles, because nearly every boundary edge is split.

At the final step of our algorithm all meshes are
merged into one single mesh. Then, the number of
edges is reduced by edge collapsing along the former
patch boundaries, which reduces the triangle count to
an amount which is roughly the same as before stitch-
ing.

5. IMPLEMENTATION DETAILS

The key issue of the implementation is the extensive
use of BSP-trees for vertices and control points. This
allows for a fast identification of common vertices and
vertices within a given distance. We use one global
BSP-tree for all meshes and one global BSP-tree for
the control points of all Bézier patches. While tessel-
lating each FACE, we use a common BSP-tree for the
domain values and trim polygons. For each vertex, we
store a back reference to each mesh and each triangle.
Furthermore, for each control point, we store a back
reference to each face.
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Figure 12: Highlight discontinuity across adjacent
faces. Here, two faces have common control points
but have different curvature. a) Parameterization
is done for both faces simultaneously. b) Each
face is parameterized individually, resulting in a
different parameterization for each face, disrupting
the course of the high light.

5.1 Tessellating Trimmed Surfaces

Due to different curvatures, adjacent FACES may have
different parameterizations at the common boundary.
This produces artifacts as it is shown in Fig. 12. This
can be avoided, if both FACEs have identical control
points at that boundary, which can be achieved by
using a common parameterization for both FACEs.

For tessellating a trimmed surface, we first get the
parameterization in the u- and wv-direction, according
to the algorithm presented below. A 3D approxima-
tion error and grid size have to be specified. Each trim
curve is polygonized according to the given 3D criteria
in a similar manner as the domain parameterization.
Afterwards, we have to do CAD repair and remove
loops. Then, the u X v-parameterization is inserted
into the trim polygon, i.e. the polygon is intersected
with each iso-parametric line. This is necessary to pre-
serve iso-parametric lines. Since the polygon may be
now oversampled, we apply a polygon reduction, with
respect to the given 3D criteria, where the points on
an iso-parametric line must remain in the polygon.

The following code example shows the principal algo-
rithm for domain interval [uo, u1].

for(i=0; i<numParams; ++i) {
x0=u[i]
x1=uli+1]

// first, check grid size
while (max_arclen(u[i],x1) >= gridsize) {
x2=(x0+x1)/2
if (max_arclen(u[i],x2) >= gridsize) {
x1=x2
} else if (gridsize-max_arclen(u[i],x2) >= eps) {
x0=x2
} else {
x1=x2 // reached enough iterations
}
}

iter_ctr=0
x0=u[i]
// now check approximation error
if (max_dist(ul[i]l,x1) >= eps) {
while (max_dist(u[i],x1) >= eps
&& iter_ctr < max_iter) {
if (max_dist(u[i],x2) >= eps) {
x2=x1
x1=(x0+x1)/2.
} else {
// yes, we are below eps, but we want to be

// as close as possible to the max. geometric

// deviation
x0=x1
x1=x2
iter_ctr++
}
}
}

insertParameter(u,x1)

}

The next step is to create a regular grid from the iso-
parametric lines. One still has the freedom to subdi-
vide the quadrilaterals into triangles. In our imple-
mentation, we use triangles. For the subdivision, we
use the diagonal which gives the best approximation
to the surface.

Now we insert the trim polygons into the 2D grid.
The quads, which are affected by inserting polygon
segments are retriangulated according to Delaunay cri-
teria. Just subdividing the quad’s triangles results in
a bad shaped triangulation and may lead to numeri-
cal problems. Afterwards, triangles, which lie in the
exterior of the trimmed area are removed.

Finally, we lift the 2D mesh into 3D space. Thin and
small triangles are eliminated via mesh reduction on
the mesh boundary according to the given 3D geomet-
ric error criteria.

5.2 Stitching Adjacent Meshes

In contrast to [9], who first find common boundary
curves of the surfaces and then use this information
to mesh the FACEs afterwards, we mesh each FACE
individually and stitch the resulting meshes together.
Since we do not know anything about the location
and orientation of each face, we potentially have to
compare each mesh with all other meshes. To avoid
this O(n?) problem, we find the longest boundary edge
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(a) Stitching meshes
along their common
boundaries

(b) If we do not check
back that e. is closest
edge to v, this situa-
tion can occur

Figure 13: Stitching meshes

T'maz Of all meshes M;, i € I. Then, for each boundary
vertex v; of M;, we find all boundary vertices Vy of
My, k € 1,k # i, within a radius of rpmqee to v;. Since
we use a common BSP-tree for all mesh vertices we
have reduced the complexity to O(nlogn). Now, from
all boundary edges, adjacent to v’ € V, we determine
the closest edge e., which has a distance lower than ¢,
and project v; onto e., obtaining v,. If no edge e. was
found, we continue with next vertex v;.

In Fig. 13(b) we present a case for which, we have to
check back, whether the boundary edges, containing
v;, are really the closest boundary edges to v,. This
is done in a similar way as above. If the check fails,
we ignore the split and proceed with the next vertex
v;. If the distance between v, and the end points of e,
is lower than e, we move the corresponding end point
into v;, otherwise we split e. at v;.

5.3 Fixing Orientation

After stitching all meshes together, we give all adja-
cent meshes the same orientation. For this, we put
all meshes in a list Lyemain. We then remove the
first element of L,emain M; and find all meshes
M; € Lremain, which have a common edge with M;.
For each Mj, j € I, the orientation is changed, if neces-
sary (see Fig. 14(c) ) and Mj is removed from L;emain -
Now, we repeat this procedure with each M;,j € I. If
Lyemain is empty, all adjacent meshes have the same
orientation. Finally, all meshes are merged into one
single 2-manifold triangular mesh.

5.4 Edge Reducing

The stitching step requires that many triangles are
inserted to close cracks. In order to reduce the triangle
count down to its original size, we eliminates triangles
along the former patch boundaries. This considerably
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(a) FACEs with bright color have counterclock-
wise orientation and those rendered dark are
oriented clockwise
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(b) Adjacent triangles with same
and different orientation

Figure 14: CAD models often consist of different
oriented meshes

reduces the number of triangles roughly to unstitched
mesh (see Fig. 15).

6. RESULTS

In Table 1 we compare our method against the
CATTA-Openlnventor export and the GLU tessellator.
For each data set, each patch is tessellated individu-
ally. Then for our approach and for the GLU tessel-
lator the merging step is done. The CATIA export
is also capable to produce single meshes if the data
sets were ”skinned” in CATIA. The GLU tessellator
produces about five times more triangles than the 3D
grid method, which considerably deteriorates the ren-
dering performance. Compared to meshes exported
from CATIA we produce meshes with a triangle count
of about 60%. Considering merged meshes the rate is



even better due to our reduction step along the patch
boundaries.

Fig. 15(c) shows a zoomed area of a car part with all
its FACEs individually tessellated, then stitched and
finally reduced along their FACE boundaries. As you
can see, the stitching step with following reduction
along patch boundaries increases the triangle count
only marginally, about three percent. The skinned
meshes form CATIA export have about a 15% higher
triangle count than its individually tessellated export.

As a result, our approach allows to load more car parts
at once for interactive visualization or it delivers better
visualization quality for the same number of parts.

7. CONCLUSION AND FUTURE WORK

In this paper we discussed the effects of different tessel-
lations strategies for trimmed surfaces. These tessel-
lated surfaces are used for the evaluation of the surface
quality with the help of reflection lines. A fully auto-
matic algorithm to detect adjacencies among tessel-
lated trimmed surfaces was presented. These surfaces
are then merged into a single 2-manifold mesh, This
high quality mesh is suitable for interactive reflection
line examination.

The visualization quality can be further improved by
using environmental dot-product bump mapping and
normal maps which is supported by recent hardware.
Using this technique we need a parameterized mesh
which is tessellated just to an € tolerance. A regular
triangulation pattern is no longer necessary. Instead
one has to create normal maps while tessellating sur-
faces.
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(c) single faces, stitched and reduced along seams and boundaries

Figure 15: (a) shows a fender where its single patches were merged into a single mesh. (b) is the extracted
boundary of the single mesh. (c) shows how the single patches were stitched, introducing many triangles, and
a final reduction step along the face boundaries (pointed out red)

¢ = 0.0bmm maxlen=10mm fender hood side frame
individual | merged | individual | merged | individual | merged
Our Approach 32149 33084 40287 41348 124474 126982
CATTA-OIV-Export 50471 58569 61828 70150 234765 278557
GLU-Tess. 159407 165245 197183 200581 713504 723874

Table 1: Three car parts tessellated with ¢ = 0.05 and a grid size of 10. Note, that the GLU-Tessellator can
handle only e.



