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FEATURE PRESERVING AND MEMORY EFFICIENT

SIMPLIFICATION OF POLYGONAL MESHES

M. Hussain, Y. Okada, and K. Niijima
Graduate School of Information Science and Electrical Engineering,
Kyushu University, Fukuoka, Japan.

{mhussain, okada, niijima}@i.kyushu-u.ac.jp

Abstract

We propose a new automatic edge collapse sination algorithm, which is not only fast and memory
efficient but also automatically preserves visually imprant features of a mesh. In an edge collapse
algorithm, a sequence of edgellepse transformations determined by an optimal greedy approach
is applied until an approximating mesh of required size or of given tolerance is obtained. The way how
to measure the geometric error introduced as a result of an edge collapse transformation plays a crucial
role in determining the priority ordering of suchatnsformations. We introduce a new idea to measure
this error based only on current simppéd mesh and error accumulation. The proposed technique for
measuring geometric error is not onlyngple to implement, but is also memorfiaént. The presented

algorithm consumes less memory and takes less ezrdime than most of the published edge collapse
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based algorithms. Results and nemcal comparisons show that palgorithm generates simgied
meshes of good visuatlelity, which are comparable with those by other methods.
Key Words

Triangular Meshes, Surface simiutation, Level of detail, Edge-calbse, Multiresolution modeling

1 Introduction

Automatic simpliication of large polygonal meshes is an important problem in CG. Recent advances
in scanning technologies have given rise to highdyatled polygonal mesheghose has surpassed the
development in rendering systeniishas become hard to interactively display and navigate such large
models. The solution lies in employing polygonal meshes with vargetgil in different application
contexts and simgiication techniques form its backbone.

The importance of simgdiication techniques has madited intense research in this area with different
goals: geometric simgication, topology simplication, and view-dependent sinfptation. This paper
focuses on geometric simptiation. During the past years, many sirfipition algorithms, addressing
geometric simpfication, have appeared in the graphics literature [16, 15, 6, 14,8, 4,5, 1,9, 11, 17, 13].
Most of the algorithms are based on iterative approach, where small locaégenchange is introduced
according to some optima/} criterion. The optimbty criteria is usually based on one of the two types
of measures of errofocal error, which is measured by comparing the small affected patch of a mesh
with the current simpfied mesh, angjlobal error, which is based on the comparison with original
mesh The algorithms proposed in [15, 16] follow the &@@pproach for measurirggometric deviation.
Algorithms presentedin [6, 1, 4, 8] are based on glot@asure of error; while #y produce high quality

simplifications, they require the geometric histto be carried along the partly simfpéd mesh, which
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Figure 1. (Left) Edge collapse operation. Edge e, is substituted with v and triangles ¢; and ¢, are
eliminated. (Right) Simplex operators.

ITlel11

renders the iterative process memory consuming and very slow. Our proposed algorithm is based on half-
edge collapse; it is neither based on a local norodall approach; although,ghmeasure of geometric
fidelity is based only on partly simfikd mesh, but we accumulateetlerror introduced by an edge
collapse to the cost of each of the half-edges having their starting vertex on the termingexgtéhe
collapsed edge. So it is not only memorfi@ent but also faster than almost all those iterative methods,
which use geometric history to execute opmlity criteria and even Memoryless Simiptiation [14],

which is also a memory g€ient algorithm, and yieldapproximations of good visuéidelity.

The remainder of this paper is organized as follows. In Section 2, we give an overview of some of
the related iterative simgication algorithms. Section 3 outlines our sinfigkation algorithm. Error
metric used in our algorithm has been detailed iatféa 4. Collapse of edgesidhe boundary has been
discussed in Section 5. In Sectioyvge present the empirical and numerical results and compare it with

some other published algorithms. Section 7 concludes the paper.

2 Related Work

Most of the iterative simplication methods can be clafed into three categories with respect to the

topological operator they adoptertex decimationedge collapseandface decimation Of all these
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simplification operations, edge collapisethe most attractive one becausfats simplicity and robust-
ness. Since the propabalgorithm is based on edge collapand we center our attention on edge
collapse algorithms and give an overview of thestnielated recent methad&or thorough survey of
simplification algorithms, please consult [7, 3].

Hoppe’s algorithm [8] for constructing progressiveshes is the pioneer of the class of edge collapse
algorithms. Garland and Heckbert [5] measure theasepl distance from the collection of planes asso-
ciated with triangles incident on a vertex and store it as a symmetdcdatrix, one matrix per vertex.
While their approach is fast and gives higlality approximations, it is not memoryfigient. For each
vertex it stores tefloats. Lindstrom and Turk [14] uses lineanstraints, based primarily on the con-
servation of volume, to dene a memoryless version of quadric emaetric [5]; it produces good quality
simplifications and is fairly difcient, particularly in memory esumption, but it is slower tha@SIlim
Hussain et. al [10] also proposed a memorfycegnt method; the proposedgorithm improves this
method in three ways: accumulatioherror is more appropriate, maae of error is omputationally

more eficient, and the quality of boundary preservation is better.

3 Simplification Algorithm

In this section, we outline our algorithm and hyehighlight its main features. First of all, tix the
ideas a brief description of ternology and notation is in place.

A polygonal mesh is speitéd by a pair P, K'), whereP is a set ofn. point positionsP = {v; € R? |
1 <i < n}andK is an abstract simplicial complex which contains all the topological information. In
other words,P and K describe geometry and topology of a polygonal mesh. The confplexthe set

of subsets of 1, 2, 3,-- - , n}, which are known asimplices vertexis a 0-simplexgdgeis a 1-simplex
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andfaceis a 2-simplex. We represent 0-simplex or vertexvhyith its geometric counterpart as3@®
vectorv; an edge: or 1-simplex is a subsdvg, v{}; an oriented edge is represented by an ordered pair
(v, v$) and is denoted byy,; . A trianglet or 2-simplex is a set of oriented edges t.& {eg1, €12, €20}
ort ={(vg°,v1"), (v’ vy'), (v3*, vg*) } or simplyt = (vo, vy, v2).

According to the dinition of simplex operator§| and[| as déined in [14],[v], [[v]], [[v]], Le],
stand for edges incident entriangles incident om, neighboring vertices af, vertices ok respectively
and,[|e]] and[[|e]]] represent the sets of edges andniglas sharing at least one vertex withsee

Figure 1.
3.1 Ouitline of the Algorithm

The proposed method, like most related algorithims simple greedy procedure. It is based on half-
edge collapse and a new measure of accuracy detailed in Section 4. It takes the original mesh as input

and executes the following steps and yieldsgpessive mesh representation as output.

e Compute the cost of collapse fareh half-edge in the original triangular mesh using the proposed

error metric (Section 4) and put thempriority ordering with least cost eddjest.

e Choose the half-edge, = (vo, v1) With minimum cost and substitute it withy. During this
operation trianglesey; | become singular and are discarded. The remaining ddggg | — {eo1 }
and triangleq [|eo1 |1] — [eo1] incident uporw, andwv; are updated such that all occurrences of

vg are replaced withr; .
e Re-evaluate the cost of the eddes| | — {e} after the collapse of the edge

e Take maximum of the cost of collapse of the half-e@ge: (vo, v1) and that of the half-edgéu
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= (v, v;) emanating fromy;; this maximum value will be the cost of the half-edgg = (v1, v;).

Update priority ordering of thedge collapse transformations.

Note that the new cost is evaluateghanst the current partly simfied mesh, global effect of geo-
metric error is achieved by accumulating the error described in the last step. This stee of the
differentiating factor between thisgdrithm and the one proposed in [10].

The choice of a particular topalaal operator has no sigigant effect on the results [12]; what mat-
ters is the way how to measure the accuracy. We entadfyedge collapsas a topological operator. In
this case, the vertices of the sinfd mesh form a subset of the originattices; this makes progressive
transmission of meshes more effective and is cruciahegrated level of detail extraction. Apparently,
it seems that half-edge collapse transformation results in triangles with bad aspect ratio, but we found
empirically considering a wide range of meshes that the triangles are of good quality everywhere except
a few triangles at regions of high curvature andsthean be avoided if our error measure is coupled
with the aspect ratio test proposed in [6], but it viaé at the cost of a little bit degeneration in accuracy;
QsSlim[5] andMS (Memoryless Simpfication) [14] also exploit this criteria to avoid sliver triangles.

The main characteristics of the algorithm are as follows:

Visually important features are preserved in a better way e.g. see Figure 7.

The algorithm is memory &tient because it needs not to g@ny kind of geometric history.

In respect of execution time, it is the fastest one afi&tim

The approximations generated by this algorithma eomparable with those created by the state-

of-the-art algorithms in terms of maximum geometric error.
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Figure 2. (Left) When edge e, is collapsed, triangle ¢ = (’U(],Ul,?]g) is mapped to triangle t' =
(v, V1, UQ).(Right) When triangle ¢ is mapped to triangle ¢/, the vertex v traverses the arc s if only
rotation of ¢ is considered.

4 Error Metric

The criterion for the evaluation of approximation en®based on an intuitive observation. The collapse
of an arbitrary edge, removes trianglege, | and transforms the remaining trianglds,]] — [e, ], see
Figure 2 for geometric degption. Analogous to the length of a cular arc, the partial geometric error

introduced by the transforation of a typical triangle = (vy, vy, v5) tot = (v,vy1,v,), see Figure 2, is

Q¢ = 1,0
where

ly = %(|a| + |b|)7a = vy — Vi, b=vy—vy,

andd is the dihedral angle between the trianglesdt’. To avoid the computational overhead incurred
by the evaluation of, we approximaté by 1 —n, - n,, wheren, andn, are unit normals to the triangles
t andt’, as shown in Figure 2.

The cost of the transformatiaf (vy, v) — v is the sum of partial errors contributed by each of the

trianglesinf[uo|] — [e, |, i.e.



Figure 3. (Left) Boundary simpli fication: v is an interior vertex and g, v1,v2, and v3 are boundary
vertices. (Right) Collapse of edge e will cause the triangle ¢ = (g, v1, v2) to fold over the mesh.

Cosl(é,) = Z Q.

tef[voll—Ter]

Note that the edge colise transformations.(vy,v) — v ande,.(v,vy) — vo have different effects
on geometric error; we collapse edgéd v, v} by applying the transformiin that results in minimum

error.

5 Boundary Simplification

Boundary half-edges can be categorized into two mpaes: (1) the half-edges having one of the starting
and terminating vertices on the boundary.&g= (v, v;), note Figure 3 and (2) the half-edges having
both vertices on the boundary ecg= (v, v,), see Figure 3. Each case is dealt with separately.

The half-edge collapse transformatiofv;, v;) — v, substitutes the half-edge with terminating vertex;
so collapse of the halfege having terminating vertex on theundary needs not special treatment.
However if starting vertex is on the boundary, thefiapse of the half-edge Wideform the boundary,
so the collapse of this half-edge is not allowed.

The half-edge having both end vertices on tharmtary must be dealt tdatly; it will obviously
collapse to a vertex along the boundary. Now thebfm is how to guide the greedy approach so that
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model | model size| FPME | QSlim | model | model sizef FPME | QSlim

Fandisk| 12,946 2.4sec | 1.5sec | Hand | 654,666 | 78sec 39.9sec
Bunny | 69,451 8.15sec| 4.0sec | Dragon| 871,414 | 103.5seq 53.6sec
Male 605,902 | 75.3sec| 48.2sec| Blade | 1,765,388 | 247.4sed 125.1sed

Table 1. Time taken in seconds to reduce to one face. Model size is in number of faces.
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Figure 4. Maximum geometric error for (left) bunny and (right) hand models.

it is not entrapped in a local minimum; to this endre®heuristics are empleg. A similar part of the

mesh is assumed on the exterior side of the half-edge as is on the interior side to bring it in line with
the interior edges. Note Figure 3, edge- {v;,v2} may be collapsed either tg or v,, but to achieve
better results this ost be collapsed to,. To achieve this end we penalize the costs of collapse of the
half edgese = (v, 1) ande = (vs, v1) with the length of the edge weighted byand ¢, respectively.

So the cost of collapse of the half edé& (ve, v1) Whose both vertices are on boundary is

Cost(€) = A\gps || vy —vg || +2 Z Q;
teffv]]—le]
wherep = 1 — u; - ug, u; anduy being the unit vectors along the edges (vy, v;) ande’ = (vy,v3) as

is shown in Figure 3, and= min {s;}, s; being the quality mesure of the trianglei.e. s, = l;‘;{%
1 2 3

teffv1]]
[6]; this quantity causes éhthin triangles to be elimated along the boundary. Hekeis a parameter

used to control the quality of boungepreservation; it can assumeyavalue greater than zero. During
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Figure 5. (Left to right) Original bunny model with 69451 faces, its reduced versions each h aving
5000 faces generated by FPME and QSIlim.

our experiments we found that feasibésults can be found using the valueoin the range of 1 to
50, in our experiments we have usgd= 10. Closer the value oh to 50, the tighter the boundary is

preserved.

6 Experimental Results and Discussion

We tested=PME, implementation of the proposed algorithaosing a wide range of triangular meshes
and achieved good results. To evaluate the proposed technique, we make comparison with two state-of-
the-art method®SIlim[5] andMS (Memoryless Simpfication) [14].

Table 1 lists the execution times, reported oni6ix Intel Pentiumlll machine with 384 MB of main
memory, taken by)SlimandFPME to simplify various model$o one face. Notice th&PME is about
two times slower tha@Slim From the results reported in [14] (see table 1), it follows M&tis about
5 times slower tha@Slint so we can safely conclude tHaPME is about 3 times faster thaiS

For thorough evaluation of the ditg of approximations generated lBPME, we employ maximum

geometric error measure and compute it using version 2.5 of Metro tool [2]. We tested our algorithm
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32

Figure 6. (Left to right) Original fandisk model, its simpli fied versions each having 496 faces produces
by FPME and QSlim, (a) original hypersheet model with 3837 faces and its reduces versions created
by FPME with (b) A = 25 (c) A = 4.

on most of the publicly available models and foumchitar results, due to sga limitations we only

present the test results for bunny and hand models because of their complex structures. Graphs shown in
Figures 4 illustrate the maximum geometric error between the original and thefepshphiodels created

by QSlim MSandFPME.

FPME is memory diicient like MS; it needs not to store any kind of geometric history only
accumulates the cost of collapse, which does not consume extra memory like storing the geometric
history. QSlimconsumes at least 40 bytes per vertex to store a form of geometric history.

Folds may occur when an edge to be collapsedrisanded by a very concave polygon, see Figure
3. The proposed error measure has the potential tmzatically prevent the occurrence of folds; in case
of a fold, it assigns greater value @and thus prevents fold. Figure 6 depicts tRRIME automatically
prevents folds whered3Slimcreates folds and it needs extra heuristics to prevent the folds.

Boundary is one of the main geometric featuresiclvthave effect on the visual appearance of the

model, and must be preserved properly for good vidality. The proposed ideis capable of preserv-
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Figure 7. (Left to right) Original male model with #faces 605902, its simpli fied versions each with
4887 faces generated by FPME, and QSlim, original vase model with 135680 faces, and its reduced
version with 4792 faces approximated by FPME.

ing the boundary with varying degrees of tightnessatemonstrated using hypersheet model shown in
Figure 6. Note that the triangles alongthoundary are relatively well-shaped.

Feature lines or lines of discontityiare sharp edges whose two idents faces describe a dihedral
angle of measure less than some threshold. These lifiestrthe overall geometric appearance of a
model and are visually very important. The propdsrror measure automatically preserves lines of
discontinuity. Note fandisk models, original and sirfigld, shown in Figure 6.

High frequency detail resolves visually important features of a model. Again, the dihedral angle
exploited by our measure of geometric deviation helps preserve ragindncy detail automatically.
Observe male models shown in Figure 7; it is obvious FRIME preserves eyes and lifisely whereas
QSlimcan't. Also observe the contours on the left feEbunny model (Figure 5) and the vase models
(Figure 7).

FPME can eficiently simply very large models. Observe male model and its siragliversion (0.8

% of the original model) depicted in grire 7; despite this drastic simipdiation, eyes, eyebrows, lips
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Figure 8. (Left to right) original hand model with 654,666 faces, its reduced ve rsion with 5000 faces,
original blade model with 1,765,388 faces and its simpli ~ fied version with 18524 faces.

and other visually important features dneely apparent. Figure 8 shows the sirfipli model of hand
after 99.24% reduction. It can be sethat major features of the orital models still remain in spite of
being highly simpfiied.

Turbine blade model shown in Figure 8 considtaleout 1.8 million triangular faces. Simfitation

of this model is a challenging taslecause of its sheer size, complicated topology with a large number
of tiny holes, and complex geometry with many sharp edges.

7 Conclusion

A new method for geometric simfilcation of triangle meshes has been presented,; it is menmforieat

and faster than most of the state-of- the- art algorgthihpreserves automatically not only the lines of
discontinuity and high frequency @gltof a geometric model but also prevents automatically the creation
of folds in a mesh. It can simplify huge models in relatively short time. The quality gflgiications is
good and essential feature® greserved even after sifjoant reduction. This can be used for applica-

tions which require visudidelity, not tight error bound, andétset of vertices of the simfied version
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to be a proper subset of original vertices.
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Figure 9. (Left to right) M. Hussain, K. Okada, and K. Niijima.
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