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1 Introduction

Due to the wide technological advancement in the field of computer graphics theritagt few years, there has been
an expansion of applications dealing with models of real world objects. For the regtiesent such models
polygonal (triangular) meshes are commonly used. With growing demands on quality, thexagroplcomputations
we have to handle models having hundreds thousands or even millions of triangles. Thefssucbemodels are
usually 3D scanners, computer vision and medical visualization systems, which can produseofoekl world
objects. CAD systems commonly produce complex and high detailed models. Also thereaaeersadnstruction or
iso-surface extraction methods, that produce models with a very high densitygdrmmlmeshes displaying almost
regular arrangement of vertices.

In all areas which employ complex models there is a trade off between the aettiasfich the surface is
modeled and the time needed to process it. In attempt to reduce time requirements, wabsfierte the original
model with an approximation. Therefore, techniques for simplification géland highly detailed polygonal meshes
have been developed. The aim of such techniques is to reduce the complexity of theviilstgreserving its
important details.

We shall present an original algorithm for mesh simplification with regpesimilarity of appereance of the
original model and resulting approximation. In this approach we search for importantédeat the model which must
be preserved during simplification process. Since vertices defines these featucesnbine techniques of vertex and
edge decimation. We introduce original method for new vertex position estimation as a part oflagge. co

This paper is structured as follows: In section 2 we define a polygonal model, introduce ercdE geind discuss
our previous work in the context of vertex decimation. In section 3 we presemqirbposed methods how to evaluate
vertex properties defining model features. Section 4 discusses reachedarabsli®ws some figures. At last, section
5 provides a conclusion with respect to future work.

2 Motivation

As already mentioned, 3D models are often represented by a polygonal surface. @éelanss definition [3]. A

polygonal modeM is composed of a fixed set of vertidés (v, s, ....., v and a fixed set of facés= (f, f,, ....., o)

It provides a single fixed resolution representation of an object. Withoubfagsnerality, we can assume that the

model consists entirely of triangular faces, since any non-triangular polygonsentagngulated in a pre-processing

phase. To streamline the discussion, we will assume that the models do not contain isolated vertices and edges.
The goal of simplification is to get a surface approximaignwhich is as close as possible to the original surface

M;. Therefore we need some means of qualifying the notion of similarity.u¥bal way is to evaluate the

approximation erroE(M;,M,). Probably the most popular approach is to compute a geometric error pginteeic

(1,2) derived from Hausdorff distance:
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where M and M, are original and reduced model andikd k are numbers of vertices on each model.

If Eag(M1,M,) < &then we know that every point of the approximation is withof the original surface and that
every point of the original is withia of the approximation.

Since vertex decimation methods [7] produce good quality results and preseesh dopology, we used this
approach in our previous work too. In vertex decimation algorithm all veNidasa meshM are at first classified
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according to their topology into five sets. Simple, border, complex, corner and vertisbsirpnedges. Except of
complex vertices their importance is evaluated. The common technique is to ctinepdigtance of the vertex from
the average plane given by its neighborhood (see Fig. 2). Vertices are therasooteling to their importance and
less evaluated vertices are removed. The resulting hole is re-triangulized afterwards.

Given the main task to find a fast and robust solution, we used a combination ofteeiteation [1] and a kind of
half-edge collapse method [2] to make the re-triangulation easier and more safety (wslgaeteat and avoid when
triangle folds over itself). Thanks to parallel implementation and some improvemergachked quite good times, and
good quality of the resulting approximation, by mean of geometric egor E

However, there are many problems connected with vertex decimation in generairsiTiigingg is that it is
necessary to explicitly define the sharp edges. Sharp edge is the edge, where thetaegle the two adjacent
triangles is less than the specific threshold. To set the threshold somemegear the user is necessary and such a
threshold is different for each model. The main disadvantage of vertex decimation methathisy are not able to
preserve a volume, since they produce shrinkage of the reduced model (assuming clos=lvgitinfacmajority of
convex vertices). Figure 1 illustrates the situation in 2D. The more the model is rethiecetthe smaller is its volume,
or area respectively. Unfortunately there is no way how to avoid this effecefdteemethods based on edge collapse
seem to be more promising from this point of view.
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Fig. 1: A shrinkage caused by the removal of vertigesws; and V.

Moreover, edge contraction methods offer intuitive techniques for eliminating apptaxi error by optimal
positioning of a new vertex after performing an edge collapse. These algorithms [10.8v&,&lecome very popular
in recent years. In [4] the edges are generalized to vertex pairs. Each paiu#esl according to a quadric error
caused by further collapse of this pair into one vertex. Such edges are put into aquéuréyand iteratively collapsed
until required amount of simplification or given error value is reached.

Our new approach looks at the simplification problem from a slightly differa@int of view. Although a geometrical
distance can tell a lot about model similarity in space, for a similarlvégmsearance we would rather follow some
other criteria. In general, the proosed approach is based on detectionmhithéeatures of original model and
applying few heuristic rules tries to keep these features over whole simplificatiosgroce

3 Vertex estimation — featur e detection

As a feature we consider either an extreme vertex (a peak) or a sharp exdge rfitere extreme vertices)in other
words, what a human eye is sensitiveThus features detection is naturally based on vertex evaluation. We do not
study any properties of edges or triangles as they are defined in the model. We thgipbsse elements (edges and
triangles) are derived from original set of points anyway. Althougldetect feature vertices, we of course mainly
search for non-important verticesvertices to be easily removed with a minimal harm on model’s appearance. The
best candidates for removal are the least important vertices being part of plaores oégine mesh.

We have studied 4 approaches how to evaluate vertex importance.

3.1 Averageplanedistance

First method was based on evaluating vertex property according to previouslyisiaadedfrom an average plane.
The plane is given by vertices adjacent to evaluated vert&kis is the same technigque which is used for vertex
importance computation in vertex decimation methods [1,7], see Fig. 2.
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Fig. 2: Distance to the average plane

An average plane is constructed using the triangle nompatsdpointsx; and areas A

NgE
o
>

| )

2!
Il

X
=}
Il
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where the summation is over all triangles in the vertex neighborhood.

The distancel of the vertexs from the plane is then
d=|nQ¢-X] (6)

and its value is taken as a vertex property. The higher the distance isrdhémmportant is the vertex in a model.
Vertices with high values are good candidates to be marked as feature Véertess with neate-zero distance can
be removed

3.2 Gaussian curvature

Since we mostly search for planar regions, we also did several experimentsGasisgjan and mean curvature
estimation of the surface [11]. Because of our focus on flat areas and searehefo pair with the same evaluation,
the Gaussian curvature only was sufficient.

K=——"1"3%— )

The curvatur& is given by the equation 7, whargoes over all neighbors of evaluated verteis the vertex angle
in each of neighboring triangle aAdmeans the area of neighboring triangles.
Note that we are searching for single vertex property, diis we don’t need to classify the mesh geometry exactly.

3.3 Volume estimation

Another widely used criterion in mesh simplification [8] is based on underlying momdit keep the volume of the
original model. In this approach a vertex importance is related to the voluime miesh below the vertex (part of the
mesh given by adjacent triangles). For each vertex and its neighbourhood we intro@uceertexv,, given as an
average point of all vertices adjacent to the vertex in quegtion
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Having this “virtual” vertex v, we compute the a of volumes of tetrahedyak,v,v;, wherey, is the virtual vertex
andvy,v;,v; are vertices of triangles in our triangulation. See Fig. 3.
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Fig. 3: Vertex related volume estimation

The resulting value is weighted by the longest edge going out from vgttesomehow normalize the values over
the whole mesh. The volume has been evaluated according to following formula [9].

X Y, 2 Lo
De=|x ¥ zV :€Z|Dk|7 (9,10)
Xi Y % -

whereDy is the volume of one tetrahedron dngoes over all tetrahedrons related to vertewhich is supposed to lay
in the origin.

3.4 Average normal vector

The last and in some way straight forward method evaluates vertices by iagtimmabrmal vector in vertex,vThe
normal vecton is computed as an average normal of all triangles adjacent to the wede® Fig. 4.
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Fig. 4: Average normal vector

We used the easiest way of computation, which is not-weighted average, see equiation (11

N=1=_, (11)
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Note that the normals of triangles have unit length. The importance value is the inverdergjtthef the normal. The
more the normal length is closer to 1 the more flat area is around the vertgiestion. Naturally, if all the
neighbouring triangles have their normals in the same direction, the areatorlée fan is flat and the length of
resulting normal will be equal to 1. The more the vertex represents a paakesh the less will be the resulting
normal length, since each of partial normals point to different direction.

4 Final algorithm

Evaluation results

Studying the results of presented evaluation, we have decided to use the averagefanoveraéx importance
estimation (feature detection). On figure 5 you can see the example of cow mddB0itmost important vertices
highlighted according to all methods presented. Since all the pictures shotly &% most important vertices, it is
obvious, that the average normal estimation (top left) gives the best resultsgsbimavinain features of the model. As
you can see, it is a kind of caricature, where the most important contourshdighteg (horns, ears, eyes, neck, and
legs). The Gaussian curvature estimation (top right) also gives good rekitis could be even better with
combination of mean curvature to detect sharp edges too instead of peak poirttowmelyer, the computation would
be too time-consuming. Average distance evaluation (bottom left) tends to invelebdrp edges too. On the other
hand it misses the details kept by small triangles in areas such as eyes arghhdgushivhich could be supposed not
to be very important such adelly. Probably the worst result gives the estimation of tetrahedrons e/oWimch was

anyway more or less experimental.

Fig. 5: 50% important vertices of cow model according to 4 different evaluation-usegtage normal (top left),
Gaussian curvature (top right), average plane distance (bottom left), tetrahedral volume (bottgm right
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The graph on Fig. 6 shows the rate of vertices and their importance. The picture says that from all the number of
vertices (approx. 3000) there are about 2000 vertices with importance lower then 0.5. It’s obvious, that all the

importance evaluation methods act the similar way and the majority of verticatohasnportance (tests has been
performed on several models naturalégain, the average normal vector evaluation gives the most wanted results -
declaring the majority of vertices as non-important (the lowest line).
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Fig. 6: Vertex evaluation according to the method used in a model of a cow.
After several experiments with the average normal computation (not weighteghtedeiby triangle area), we

concluded to the evaluation, where each normal is weighted by the apical angle ofignge.tihe precise formail
can be seen on equation (12).
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wheremis the number of neighboring triangles ands the apical angle of i-th triangle at the vertex (see Fig. 7). Note
that the normal vector is not normalized.

Fig. 7: Normal vector weighted by apical angtdor each of adjacent triangle.
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This approach produces best quality evaluation which is independent on tessellation at the vertex ésge Rigase
of non-weighted normal, the resulting normal vector will be different in exaomptbe left(the other two will be the
same and the normal will have a direction more to the front). If the normal wveatild be weighted by triangle area,
the first two examples will have the same normal, but the third one will be different (since the asdkery. <dmly the
apical angle weight will give us the same results for all three cases.

\ Vv \/

Fig. 8: Three examples of vertex neighbourhood.

Having evaluated all the vertices we can sort them in priority queue accardhngjrtimportance. The least important
vertices are the best candidates for removal. Since vertex removal followragtiigngulation is neither trivial in 3D
nor natural when ignoring original edges, we perform and edge contractiordinsteaa given vertex the adjacent
edges are investigated and the best-fitting one is replaced by a new vertexs &gphive get a correct triangulation
and are able to follow some other criteria on a quality of resulting mesh.

Best-fitting edge estimation

As already said, once we have a vertex candidate for the removal, we need tomdaheclhdst edge to perform the
contraction. The chosen edge will be replaced by a new vertex of specific position. Befdescribe the edge
estimation, we must first introduce an evaluation of new vertex position.

Since the aim of the method is to find a simplified approximation of the modelr@gfiect to the similarity of
appearance, we don’t subordinate the vertex position to any error estimation. We try to find such a vertex which would
approximate the suppositional surface in between the two end-points of the edge, seen Fig. 9.

Fig. 9: The new vertex should lie somewhere on the dashed line (in 2D).

Let’s consider 2D case for clearer explanation. To determine a new vertex position we use a curve which approximates
surface the way we show on the picture 9. At the beginning we have only two endpoints and ndaetbnoahals
which determine vertices importance. We used a quadric curve with near least sqedeeataan, introduced
originally to smooth the model contour by [1Zhe nice thing about this curve is its invariance to tangent lengths. The
tangents corresponding to a pair of normals at the vertices can be obtained by usingalles 6ram-Schmidt
orthogonalization algorithm.

Tl =N2_N1 (Nl 'Nz), (13)
T2 =—N1+N2(N1 -Np). (14)

Note, that the normals are assumed to be normalized. It should also be pointed out thdtewdmayiet
between the normals, is zero or very close to zero, then we can not compute therahgentay.We use a
linear interpolation on the edge instehelt’s have

P= P2 — Pl (15)
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and coefficientse, 5,a', ', where

aleTz’ﬁ: PT,
TlTl T1T2
(16,1718,19)
o = T1T2 ﬂ’_ I:)Tz
T,T, TT,

we get a function
f(t):(Mjﬁ.,.(p.,.LzaﬁTth_,_pl (20)

Thus the only question is how to choose the parameidrich means, to where to put a new vertex on the curve. Since
the curve itself is given by normals as well as the vertex importance, thd matyiia to do linear interpolation on the
importance (length of the normal vectors). Thus, if the importance of vertitdsevequal, the parametemwill be set

to 0.5 (the new vertex will be placed in the middle of the curve).

Switching to 2.5D, we have a tool now how to place a new vertex someWwhbeve” the contracted edge, instead of

just somewhere in between the endpoints of the edge. In full 3D space we can alsceiflaemetex position by the
properties of triangles adjacent to the edge, or their opposite cornerdivetped/e can use the quadric curve again
and the only condition is that the area is not arrow-shaped, see Fig. 10. In case of grenlngshds we use only one
curve constructed over the edge.

Fig. 10: The arrow-shaped quad (left), the non-problematic case (right).

The parameter’ of the second curve (between opposite corners of two triangles adjacent to the adgm) géven by
the importance of opposite corner vertices, but this time it is weighted bgviirse value of the distance of each
vertex to the point estimated on the first curve. So, if the distaneguil, then only the importance matters. If the
distance of one vertex is higher the less of its importance is considered. This cdoditsrto place the vertex in the
position given by the importance of surrounding vertices and not the exact topolbgyneésh. The final vertex is
placed just in the middle of the two vertices on both curves, see Fig. 11.

Fig. 11: The construction of new vertex position.
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Having described the new vertex position evaluation, we can get back to the procedure of choositxjtthng leeige
for the contraction. In our algorithm we take all the edges adjacenwén gertex (candidate for removal), and
compute new vertex position for each edge. For every new vertex we examine affected mesh Igkepiey
difference between area of original and resulting triangles, or inconsistengiasas mesh folding or triangle
degeneration caused. Since we primarily remove vertices on flat regions, wehdorestulting mesh to be as flat as
possible, thus minimal area of resulting triangles is prioritized. The edgewhhasbest evaluation is contracted for
real. If there is no suitable edge to process, the removal is forbidden.

Upon a framework described above, we can present the proposed algorithm as follows
Init:
e go over all the vertices and compute their importance
e sort vertices according to the importance
Main loop:
o take the least important vertex
o for every adjacent edge
o compute new vertex position for case of contraction
o simulate the contraction and evaluate the quality of resulting mesh
¢ perform the contraction of best-fitting edge
¢ re-evaluate affected area
o compute vertex importance
o insertinto a priority queue
e continue the main loop

The real implementation uses thfgmagic’ parameters which are important for the resulting mesh and can be change
by user. The first parameter is an importance threshold. If vertex importancesiteealue of the threshold, it is
marked as extremely important one. These (feature) vertices are proadsselifferent way than described above.
The main difference is in estimation of parametewxhich is set either to 0 or 1 depending on which endpoint of an
edge is extreme. If both of them are extreme, the more important vertex wins andtibs @iept. This strategy
leads to simplification which keeps the most important features represengedirdiye vertices without any change
from the original mesh. Such extreme vertices can be seen on Fig. 12 for exanmg@enatk. The lower is the
threshold value the more features of the model will be kept and less simplification will beneekfor

Figure 12: Model feature detection for (a) 50%, (b) 75% and (c) 90% simplification.

The second parameter is the maximal allowed angle between normals of trianglesabdfaiter edge contraction.
This value helps to detect triangle folding and also controls the smoothnesgesutieag mesh. The smaller is the
angle the smoother is the resulting megtontractions producing not-wavy surfaces are preferred.

Third parameter is an angle between two adjacent triangles and helpin® so called flat edge. In general if the
vertex selected for removal is extreme and one of its heighbourhood verticesnseeatr well, only the edge between
these two vertices can be considered for removal. Applying this rule weesseryar shafpedges. In this case a sharp
edge is every edge that has extreme endpoints and is not a flat edge. In other words, west@dotrsitadp edges
studying the sharp angle between adjacent triangles. The algorithm maekig¢has sharp if both of its endpoints are

¥ An edge, where the angle between its two adjacent triangles is lower thasecific value.
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extreme and the angle between adjacent triangles is less than the value givenhing ooagic parameter. If such
angle is bigger (at most 180 degrees) the edge is marked as a flanddggrohibited from contraction, since it could
dramatically change the shape represented by the mesh, see Fig. 13.

Fig. 13: An example of sharp edge-&) and flat edge (.

In general two strategies can be for simplification process - with thouti memory of reduced vertex and affected
area. The approach with memory initializes a counter of affected vertex duringordira every time the vertex is
marked as a candidate for removal the counter is decreased. Only vertites @dunter equal to zero can be
considered for reduction. This memory helps to distribute reduction over whole mesh asliivegrmesh has nicely
shaped triangles. If the simplification runs without memory it canyepsiduce rapid-flat models, where flat regions
are simplified in prior, see Fig. 14.

Fig. 14 Points distribution during simplification of dense terrain model (left) with (m)dzie without (right) vertex
memory. The middle and left picture shows model after 80% simplification (20% of original data).

5 Results
The method has been tested on many models, mostly from GaTech, Cyberware and Avalon depositories. Table 1 s
some fundamental information about models on which we will present our réguttse experiments were done on

Intergraph TDZ2000 400MHz Pentium Il with 512MB RAM, running on WindowsXP.

1C
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Table 2 shows the running times of 80% reduction. It is obvious that rapidiithod (approach without vertex
memory) is faster but the resulting mesh contains long and thin trianglélse ©ther hand the approach with vertex

Univerzita Komenského, 2006. s. 136-143.

ISBN 80-223-2175-3.

Name cow fandisk | teeth bunny horse bone terrain | dragon
# verticeg 2.905 6.475 35.947 |48.485 | 60.537 |65.829 |437.645
# triangle| 5.804 12.946 69.451 |96.966 | 137.072 | 130.630 | 871.414
Picture g_,i_\ ?\’7 .. e | S
e fJ" .I‘ 4 ..]I. \‘-ﬁ' A
alil =W 7

Table 1: Models used for presented results.

memory produces nicely shaped triangles but the running times are slightly worse.

Name cow fandisk | teeth bunny horse bone terrain | dragon
Mem 1.244 4.604 11.700 13.304 21.032 26.116 31.728 | 141.980
No mem 1.160 4.116 10.120 12.320 19.848 | 24.008 | 28.872 | 131.804

Table 2: Reached times [sec] for 80% reduction. Thresholds have been set to mark 15% vertices as extreme.

On Fig. 15 you can see the resulting meshes of both methofimfliiskmodel. However, at most drastical reduction
(99% and more) the resulting meshes are similar for both, with and without memory, approaches.

Fig. 15: Example of reduced model. The original mesh (left), 90% reduction with and without vertex (hemiory
the middle) and drastical 99% reduction (right).

On Fig. 15 you can see graph of error estimation for several models during simplification proeaasd€ls has been
simplified from 0% up to 90%. The results are taken from METRO ver. 4.05 [13], dsfaglt values (vertex, edge
and face sampling enabled, montecarlo sampling, 10times more samples than tmaagieesh). To have all the
values comparable, the METRO results were taken with respect to Dragon model;abompueed using following

formula (22:

VC
E =Eyy

max

, (21)

where gy is the value evaluated by METRO, i the number of vertices of current model in certain level of detail and
Vmax IS the number of vertices of Dragon model, which is the maximum number of vertices for certain LOD
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Fig. 16: Aproximation error for certain LOD for approaches with (upper) and without (lower) memory.

It’s obvious that memoryless approach gives worse result in meaning of the Hausdorff distance. However, vertices
distribution follows ones assumption that flat regions needs to be built from esgchumber of vertices than rugged
surface. Here is noticeable difference between geometrical and perceptive evaluation of the ajpqgmayimality.

Also the oversampled models such as dragon, bunny and bone have error values higher than otheklttetaghbts.
the values are higher than other simplification methods, it must be pointdthoMETRO computes the error based
on Hausdorff distance which is not considered during a simplification incése. The main goal of presented
algorithm is to keep the similarity of appearance. However, the geoaheior is also important in mesh
simplification to be able to compare the results with other methods. In Table Zthavatputs of METRO in detall
for cow, bunny and dragon models.

name reduction | vertices | faces area bbox diag. | H-dist

dragon 0% 437645 871414 0.1452 0.266905 0.005964
90% 41603 81808 0.1446 0.266801 |

bunny 0% 35947 69451 0.1143 0.250246 0.022444
90% 3824 5368 0.1125 0.249250 |

cow 0% 2905 5804 2.1802 1.271114
90% 391 776 2.0851 1.267350 0.032040

Table 3: METRO details for chosen models.
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6 Conclusion

A new approach for triangular mesh simplification with respect to similarity of appearancessmsted. This original
method is based on vertex importance evaluation to select the least important vertex to be removed from this mesh.
evaluation uses vertex average normal vector which lowest values concern spediéicfeatures to be kept in
approximations. Simplification itself is performed as an edge collapse where new veitien ip€valuated with
respect to supposed surface of the original object given by the endpdimsenfge, the normal vector at these points
and opposite corners of adjacent triangles.

We showed that geometrical error do@simve to be the only criterion of approximation quality and that a visual
appearance can lead to opposite observation. This could be quite important in applicationcemshuger games,
3DTV and other multimedia where mathematical precision is not a principal Gduogersely, preserving main visual
features is more relevant.
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