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Abstract.

This paper describes a method for extracting feature edges of a polygonal sur-
face for mesh generation. This method can extract feature edges from a po-
lygonal surface typically created by a CAD facet generator in which typical
feature edge extraction methods fail due to severe non-uniformity and anisot-
ropy. The method is based on the technique called “polygon crawling,” which
samples a sequence of points on the polygonal surface by moving a point
along the polygonal surface. Extracting appropriate feature edges is important
for creating a coarse mesh without yielding self-intersections. Extensive tests
have been performed with various CAD-generated facet models, and this
technique has shown good performance in extracting feature edges.

1. Introduction

This paper describes a method for extracting feature edges of a polygonal sur-
face for mesh generation; the input to the proposed method is not limited to a
dense uniform triangular mesh. Feature edge extraction methods have been
developed for a dense triangular mesh as shown in Fig. 1 (a), which is typi-
cally created by a laser range scanner and a uniform mesh as shown in Fig. 1
(b). The proposed method targets a general polygonal surface that includes
concave and high aspect-ratio polygons. This method is particularly advanta-
geous when feature edges must be extracted from a triangular facet generated
by a CAD facet generator, which includes triangles with high aspect ratio. Ex-
isting feature edge extraction schemes do not perform well on such triangular
facets. This method also tolerates certain discretization noise created by a
CAD facet generator. A CAD facet generator often yields concavity where it
is convex or convexity where it is concave due to a bug in the facet generator,
a bad set of parameters given to the facet generator, or a deficiency of the
original CAD model.

In this paper, feature edges are defined as a set of edges that must be pre-
served, or constrained, to obtain a valid mesh. A mesh is valid if no element
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intersects with another, and if any point on the mesh is two-manifold -- except
along the boundary of the open polygonal surface. The proposed method fo-
cuses on extracting the following three types of edges: (1) edges along sharp
corners, (2) edges in which surface curvature, measured in the direction per-
pendicular to the edge, changes significantly across the edge, and (3) edges on
the cylindrical surfaces.

(a) A dense triangular (b) A good quality uni- (c) A general polygonal surface including

mesh typically created by form mesh concave and high aspect-ratio polygons,
a laser range scanner which the proposed method deals with

Fig. 1. Typical polygonal surfaces

Fig. 2 demonstrates the effects of feature edges on mesh generation. Fig. 2
(a) shows the input model. Fig. 2 (b) shows a meshed model without con-
straining edges at all, which clearly does not describe the input model well.
Figures 2 (c) and 2 (d) show edges that pertain to type one and a meshed
model with type one edges constrained. The mesh does not describe the fillets
and the cylindrical surfaces. Figures 2 (e) and 2 (f) show edges of all three
types extracted by the proposed method and a meshed model with constraining
edges of all three types; of the three meshed examples it best describes the
original geometry.

A simple method can detect only type one edges; it is more difficult to de-
tect edges that pertain to types two and three. The goal of the proposed
method is to detect all three types of feature edges. The proposed method can
extract edges along the boundaries of any surface as type two edges -- a plane,
a cylindrical surface, a spherical surface, a saddle surface, etc. -- because
along such edges a sudden change of curvature occurs frequently. However, a
closed (or nearly closed) cylindrical surface does not include such sudden
change of curvature on the surface. The proposed method seeks out such cy-
lindrical surfaces and extracts edges on these surfaces as type three edges.

Extracting feature edges from a polygonal surface is a much more challeng-
ing problem than extracting feature edges from a CAD model with smooth
surfaces from which exact curvature at any point on the surface can be calcu-
lated. However, a polygonal surface itself does not have such information,
and curvature on the surface can only be estimated. Feature edges thus can be
more accurately extracted from a CAD model than from a polygonal surface.
However, we often have only access to a polygonal surface for variety of rea-
sons including incompatibility of a CAD data file between systems (we may
not be able to open a received CAD file,) confidentiality requirements of the
contract, or the loss of the original CAD model caused by a malfunction of a
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computer or operator error. In such cases it is necessary to develop a method
for estimating curvature and extracting feature edges from a polygonal sur-
face.

The proposed method uses a procedure called polygon crawling for estimat-
ing curvature and finding feature edges. The polygon crawling method sam-
ples sequence of points, called a “crawling path,” on the polygonal surface.
The curvature of the polygonal surface is estimated by analyzing the crawling
path. The method locates the feature edges where the estimated curvature
changes significantly from one side of the edge to the other. The cylindrical
surface in the polygonal surface can be found by (1) finding a principal curva-
ture direction at a point on the polygonal surface, and (2) fitting a circle to the
crawling path starting from the point toward the principal curvature direction.

The organization of the paper is as follows. Section 2 reviews previous
work of the feature edge extraction. Section 3 explains the polygon crawling
method. Section 4 explains the parameters that control the results of the pro-
posed method. Section 5 describes how the curvature is estimated, and Sec-
tion 6 presents the algorithm of extracting feature edges based on the curva-
ture estimation. Section 7 shows some results, and Section 8 concludes the

paper.

2. Related Work

Mangan and Whitaker present a method for partitioning a dense 3D mesh [1].
Their method calculates a curvature (or some other height function) at each
vertex, and merges regions based on the curvature (or the height). Feature
edges can be extracted by taking edges between partitions. Their method,
however, is not designed for a mesh that includes high aspect ratio triangles.

Nomura and Hamada present a method for extracting feature edges from a
triangular mesh [2]. Their method first calculates a measurement called “con-
cavity-convexity,” and extracts edges between a convex triangle and a concave
triangle. The method also assumes a dense uniform mesh as input.

Jiao and Heath present a method for extracting feature edges [3, 4]. Their
method finds a set of edges that the dihedral angle exceeds the given threshold
called ¢ -strong edges, and takes as a feature edge a ¢ -strong edge that is
likely to form a smooth curve when it is connected to a neighboring 6 -strong
edge. Their method is designed for a uniform mesh, and more work needs to
be done to extend this method to a general polygonal surface.

Sun et al. present a method for detecting feature edges [5]. This method
computes the likelihood of an edge to be a feature edge -- called the “edge
strength,” by taking vote of tensors calculated from the normal vectors of the
vertices weighted by the geodesic distance from the edge. Their method is de-
signed for segmenting a dense uniform mesh, such as a mesh created by a la-
ser range scanner, and more work must be done to extend this method to a po-
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lygonal surface created by a CAD facet generator.

Baker presents a method for identifying feature edges from a triangular
mesh [6]. His method uses two angle thresholds: one identifies dominant
edges, and the other identifies sub-dominant edges. Dominant edges are
automatically extracted as feature edges, and some sub-dominant edges are ex-
tracted based on the connection to the dominant edges. The method assumes a
sufficient degree of regularity, and cannot be applied to a general polygonal
surface unless some modification to the method is made.

There has also been some researches on extracting feature edges from point
clouds [7, 8]. These methods extract feature edges from dense sample points.
These methods are not designed for taking a general polygonal surface; there-
fore the goal of the proposed method differs from the goals of these methods.

In summary, the existing feature edge extraction techniques for a polygonal
surface can roughly be classified into two groups: (1) the techniques for a
dense polygonal surface such as scanned data created by a laser range scanner,
and (2) the techniques for a uniform triangular mesh. Neither type can deal ef-
fectively with a general polygonal surface that includes polygons with more
than four vertices, concave polygons, and high aspect-ratio polygons.

The goal of the proposed method is to extract feature edges from a general
polygonal surface, mainly a facet created by a CAD facet generator. The
method tolerates a certain amount of noise imposed by a CAD facet generator.
It also finds cylindrical surfaces and extracts feature edges on those cylindrical
surfaces.

(a) Input model (c) Type 1 edges of (e) Feature edges (a) Transition of the
the input model extracted by the pro-  direction of motion across

posed method a boundary of a polygon

(b) Meshed without (d) Meshed with (f) Meshed with fea- (b) A crawling path on a
constraining feature only type 1 edges ture edges con- discretized cylindrical
edges constrained strained surface.

Fig. 2. Effect of feature edges on mesh generation Fig. 3. Crawling path
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3. Polygon Crawling

The proposed feature edge detection technique relies on the technique called
polygon crawling, which samples sequence of points along a path on the po-
lygonal surface called a crawling path. A crawling path is analogue to a geo-
desic path of a smooth surface. However, a crawling path is a set of line seg-
ments as opposed to a smooth geodesic path of a smooth surface.

A crawling path is defined by an initial point on a polygonal surface, an
initial direction, and termination criteria. An initial direction must be
perpendicular to the normal of the polygonal surface at the initial point.
Termination criteria can be anything; typically it is based on the length and/or
the total angular change of the direction.

Assume that a sample point is located at the given initial point and moving
toward the initial direction. The sample point maintains the same direction
until it reaches the boundary of the polygon — an edge or a vertex. When the
sample point moving toward vo direction hits the boundary and moves out of
the polygon whose unit normal is no, and it moves into a polygon whose unit
normal is mi, the moving direction changes to vi=R(no—ni)vo where R(no—>ni)
is a 3x3 affine transformation matrix that rotates no into mi about noxm as
shown in Fig. 3 (a). The sample point keeps moving until the termination
criteria is met. A crawling path is then written as C={po,p.,...,py} Where p: is
the point at which the sample point crosses an edge or a vertex for (i+1) th
time. Fig. 3 (b) shows an example of a crawling path on a discretized
cylindrical surface.

We also define a “crawling plane” as (x—os)-(voxno)=0, where x is a point
on the crawling plane, o, is the initial point of the crawling path, vo is a unit
vector parallel to the initial direction of the crawling path, and no is the
normal of the polygon on which the initial point is lying. A crawling plane is
shown in Fig. 3 (b) by the semi-transparent rectangle.

As can be seen from Fig. 3 (b), a crawling path can move away from the
crawling plane. We define a “twist angle” at each point on a crawling path for
measuring a directional deviation of the crawling direction from the crawling
plane. If the direction of the crawling path is v. (v. is a unit vector) at point
x on the crawling path, the twist angle is defined as @.=asin(|v.-n.|) , where

n. is the normal of the crawling plane written as n,=(voxno) .

4. User-Specified Parameters

The result of the proposed method can be controlled by eight parameters as
shown in Table 1. For obtaining the best result, these parameters must be ad-
justed for the meshing requirements and the behavior of the CAD facet gen-
erator. However, because it is difficult to quantify the behavior of the CAD
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facet generator, a good combination of these parameters can only be found
empirically. The experiments performed in this research suggest that the same
set of parameters works well for the polygonal surfaces created by the same
CAD facet generator.

Smaller wwaon , wsiar, wmis ,y1, and y» capture more feature edges, and in-
creases the sensitivity to the noise. Parameters w.n and we also control sen-
sitivity to noise, and smaller w.n and w..» capture more cylindrical surfaces,
and increases sensitivity to noise. Hence, if the CAD facet generator creates a
polygonal surface with little unevenness, these parameters can be smaller, and
the method will give satisfactory results. Or if the CAD facet generator cre-
ates an uneven (noisy) polygonal surface, these parameters should be in-
creased. N.: depends on how smooth a cylindrical surface needs to be when
it is meshed. Larger N., will yield a smoother mesh on a cylindrical surface.
However, it may excessively increase the number of elements. A set of pa-
rameters that gave a good performance for majority of the test models is pre-
sented in Section 7.

Table 1. Input parameters

Wshallo If two vectors make an angle less than @ , tWo vectors are con-
sidered to be equivalent.

Ostarp An angle threshold for finding sharp corners. It is also used for ter-
mination condition of the crawling method detailed in Section 5.2.

Onist An angle threshold used for a termination condition of the crawling

method detailed in Section 5.2.

yi, y2  Two thresholds for finding feature edges in which the curvature
changes significantly, detailed in Section 6.2.

won , werr Two angle thresholds for finding cylindrical surfaces, detailed in
Section 6.3.

N The required number of subdivision around a complete cylinder, de-
tailed in Section 6.3.

5. Estimating Curvature by Polygon Crawling

The proposed method estimates curvature on the polygonal surface by analyz-
ing a crawling path. The goal is to estimate a curvature of the polygonal sur-
face at sample point x measured in direction vo. In the following, a curva-
ture estimation scheme of two-dimensional line segments is briefly reviewed,
and it is then extended for estimating curvature of a crawling path, which is
essentially the curvature estimation of the polygonal surface measured in the
initial crawl direction.
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5.1. Curvature Estimation of 2D Line Segments

The curvature of a curve is defined as «=1/r. where r. is the curvature radius.
Hence, if two tangential vectors at the two end points of a partial circular arc
of length /. makes angle ¢, the curvature of the arc is calculated as
x=1/r=0/lw, because l.=r& as shown in Fig. 4 (a). Therefore, the curva-
ture of a curve can be approximated by the angular change of a tangential vec-
tor divided by the arc length required for yielding the change.

Similarly, the curvature of line segments can be estimated by the angular
change of the average tangential vector divided by the length required to yield
the change. If po, pi, ..., pv are the vertices of line segments, average tan-

gential vectors are calculated as: to=(pi—po)/|pi—pd at po, tv=(px—p~-1)/|py—py-|
at pv, and t=(pii—pi-)/|pii—pi-| at pi (0<i<N).

Curvature on line segments between p: and p; (i<j) can be estimated as
K (pi—>pP))=bes(pi—p)/ ls(p—p;) , Where Ge(pi— py) is the angular change of the

average tangential vector between p: and p; , and lxeg(pz—)pj)ZglpanpKl.

For example, when line segments are defined by six points, po, pi, ..., and
ps , curvature of the line segments between p: and p. is estimated as:

K(plap4)=6?wg(p1ap4)/(é|pm1—p1<|) . As can be seen from Fig. 4 (b), é]lpkﬂ—pkl
is analog to the arc length of Fig. 4 (a).

5.2. Curvature Estimation of a Crawling Path

To extend the 2D curvature estimation scheme to a crawling path, the sign of
the angular change of the average tangential vector must be taken into account
because the curvature must be positive if the polygonal surface is convex
along the crawling path, and negative if it is concave. Let po, pi, ..., and pv

be points of a crawling path, p: (0<i<N) is the projection of p: on the crawling
plane, and to.t,...,tv are average tangential vectors calculated from po,p,....pv .
The signed angular change of the tangential vector from t to t.: is calculated
as: Qe(pi—>pis)=acos(titis1) if (moxvo)-(tixtic1)=0 , Geg(Pi—>Pis)=—acos(t-tis1) oth-
erwise, where no is the normal vector of the polygonal surface at the initial
point of the crawling path. The angular change of the tangential vector from

t to t (i<j) is calculated as: agg(ﬂeﬁ,)zgaeg(ﬁkaﬁm). The curvature of

the projected crawling path between p; and p; can be estimated as:
Kee(Pi = Pi) = Gee(Pi = P))/ bes(pr = P1) -

For estimating the curvature of the polygonal surface at x in vo direction,
the following two issues still need to be considered: (1) termination criteria for
sampling a crawling path, and (2) choice of i and ; .
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The proposed curvature estimation method uses three user-specified pa-
rameters, sharp angle threshold — @ , twist angle threshold — @ , and shal-
low angle threshold — @sues for defining the termination criteria. The pro-
posed method samples two crawling paths Co={ao,a,..,av} , and
Ci={bo,bi,..,bx} . Projection of Co on the crawling plane is Co={ao,ai,..av},
and Ci Ci={bo,bi...bx}. The initial point of both Co and C: are x, and the
initial crawling direction of Co is vo and of Ci is —vo. For both directions,
the points are sampled until: (1) total angular change of the average tangential
vector on the crawling plane exceeds wway , i.€., both Qe(ao—av) and
Ges(bo— by) do not exceed wwar, (2) angular change of the normal vectors of
polygons in one step of crawling exceeds wwan, or (3) twist angle exceeds
rwist .«

The two crawling paths are then merged into a crawling path:
Car={p-(+1,p-y.opn}  ={ba,br-1,...,bo,20,...,av} . Projection of Cu on the crawling
plane is Cau={p-or-n,p-w,..pv}. Fig. 5 (a) shows an example of a merged
crawling path.

From the merged crawling path, Cu, e(p:— p;) can be computed for any
i and j that satisfy i<j, -(M+1)<i, i<N-1, -M<j, and j<N, and the cur-
vature of the polygonal surface at x in vo direction is found by choosing ap-
propriate i and ;. However, it is very difficult to automatically choose ap-
propriate i and j. Instead of choosing only one set of i and ;, the proposed
method estimates the curvature from some pairs of /l«(p:—p;) and
B (pi — p)) , or length-angle pairs, written as h«=(l,&) , by the following algo-
rithm.

Let k=0
Let i be the largest integer that satisfies Gec(pi—>Ppo)>@shaow and i<0.
(If none satisfies, i=—(M+1))
Let j be the smallest integer that satisfies Gec(p-1—>p;)= @i and 0<; .

(If none satisfies, j=N)
Do:
Set hi=(lt,0)=lsec(Pi—>Ps)Brec(Pi—P)))
Find the next value of j, j', which satisfies:
Geg(Pi—>P/)2 @stattow , jSN , and j<j'. (If none satisfies, j'=N )
Find the next value of i, i', which satisfies:
Bee(Pr—>Pi)2Wshatiow , —(M +1)<i , and i'<i . (If none satisfies, i'=—(M +1))
If leg(pi—>po)<lee(p-1—p;) replace i with i', otherwise replace j with j'.
Increment & .
Until one of Ge(pi—>Ps)>@sian or (i=—(M +1) and j=N ) is satisfied.

This algorithm updates i and j so that the growth of l.(p:—po) and
le(p-1—py) are balanced. Fig. 5 (b), (c), and (d) show examples of length-
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angle pairs.

Finally, the curvature is estimated from the length-angle plot. On length-
angle plot with length as the lateral axis and angle as the vertical axis, the
slope of a function @ = (/) describes the curvature. Hence, the curvature can
be estimated by the least-square fitting of function =/ to h« as shown in
Fig. 6; and . is written as: Keﬂ(x,VO)zgl/ﬂ/%lﬁ , which gives an estimated cur-

vature at x measured in vo direction.

5.3. Reliability of the Curvature Estimation for a Crawling Path

A reliability measure of the estimated curvature must be taken into account to
avoid excessive extraction of feature edges. If the estimated curvature is sub-
ject to considerable error, it makes a sudden change of the estimated curvature
across an edge, and the proposed method may falsely consider some edges as
feature edges.

The curvature estimation scheme explained in Sections 5.1 and 5.2 becomes
inaccurate where the curvature changes from negative to positive. For exam-
ple, for the crawling path shown in Fig. 7 (a), the exact curvature could be
zero because the sample point is on a straight line connecting two curves as
shown in Fig. 7 (b), or it could be non-zero because the sample point is on one
of the two curves represented by the sampled crawling path.

The proposed method tests the reliability of the curvature estimation as fol-
lows. Let 7 and J be smallest i and largest ; used for sampling length-
angle pairs. The curvature estimation is considered to be unreliable if all three
conditions of the following are satisfied: (1) Ge(pi—>po)fec(p-1—>ps)<0, (2)
|Ges(po—>ps)|>@shatiow , and (3) |Ges(pi—>po)|>@waw . These conditions check
whether the crawling path bends considerably to both positive and negative
curvature directions. If at least one of the three conditions is not satisfied, the
curvature estimation is considered to be reliable.

5.4. Finding Principal Curvature

The principal curvature at a point on the polygonal surface can be found by
numerically maximizing the absolute value of the curvature estimated by the
scheme explained in Section 5.2. Let x be a point on the polygonal surface,
and n be the normal of the polygonal surface at x . i is an arbitrary unit vec-
tor that satisfies n-i=0, and j=nxi. Any unit vector parallel to the polygon
can be described as v(g)=icosg+jsing. The problem of finding the principal
curvature at x thus becomes a one-dimensional optimization problem: finding
¢ that maximizes |x«(x,v($)) . A conventional numerical optimization

scheme such as bi-section search, Newton’s method, or Powell’s method, can
solve this problem.
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g Vo
Y " 1 > 6o
p-2 P % P lo pe P
pP-3 b p-3 ho = (lo,60) p

(a) Merged crawling path  (b) First length-angle pair sam-
ple(i=-1,=0)

< B A
Voo >py * b= (0,6 P =) P

(b) Estirna.ting the cur-  (c) Second length-angle pair ~ (d) Third length-angle pair

vature of line segments sample (i=—-1,7=1) sample (i=-2,7=1)

Fig. 4. Estimating Fig. 5. Crawling path C. (M =N=2) and length-angle
curvature in 2D pairs.

(a) Crawling Path \ (b) Possible curves | (c) Possible two
and straight line for  curves for the
the crawling path ~ crawling path

Fig. 6. Estimating

the curvature by fit-
ting a linear function Fig. 7. Ambiguity of possible curves and lines repre-

to length-angle pairs  sented by the crawling path

6. Extracting Feature Edges

The proposed method extracts three different types of feature edges in the fol-
lowing order: (1) Feature edges on sharp corners, (2) Feature edges where the
curvature changes suddenly across an edge, (3) Feature edges on the cylindri-
cal surface.

For finding types (1) and (2) feature edges, the proposed method tests each
edge. For type (3) feature edges the proposed method takes one sample point
per polygon and tests whether the polygon is a part of a cylindrical surface.
The total computational time for finding feature edges is thus roughly propor-
tional to the number of edges and the number of polygons. The following sec-
tion explains the methods for extracting feature edges of the three types.

6.1. Extracting Feature Edges on Sharp Corners

The proposed method first extracts feature edges on sharp corners. The pro-
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posed method tests each edge of the polygonal surface shared by two poly-
gons; if the normal vectors of the two polygons sharing the edge make a larger
angle than a given angle threshold w..,, the edge is extracted as a feature

edge.

6.2. Extracting Feature Edges Based on Sudden Curvature
Change

The proposed method extracts feature edges by finding a sudden change of es-
timated curvature across an edge. For this purpose, the curvature is measured
in the direction perpendicular to the edge at two points — one point each on a
polygon sharing the edge.

The proposed method visits each edge shared by two polygons and esti-
mates the curvature for each polygon sharing the edge as follows: Let e: and
e> be the vertices of the edge being tested, and n is the normal of the poly-
gon. The proposed method shoots two rays from (e+e2)/2 to one of the direc-
tions (e2—e))xn or (e—ex)xn whichever points inside the polygon and finds the
first intersection e.. A point inside the polygon x.. is then found as:
xma=(ex+(ei+e2)/2)/2, as shown in Fig. 8. Since the edge is used by two poly-
gons, two of such points, x.ai and xwa2, are found. The proposed method then
estimates curvatures at Xwar and Xmaz @S Kewt = Kea(Xmiar, Vmir) ,  and
Kesi2 = Kest(Xmia2, Vmia2) , Where vamax 1S @ unit vector parallel to (xmux—(ei+e2)/2) ,
{K=12}. An example of the curvature estimation at two points on the both
sides of an edge is shown in Fig. 9.

Finally, if one of the following two conditions is met, the edge is extracted
as a feature edge.

(1) xn and w2 are reliable with respect to the conditions described in
Section 5.3, and the ratio of |xwi| and |« is greater than a given

Kest2

threshold y1 (i.e., |ke|>p:

or |Ke.\-zz|>j/l‘1(um‘ )

(2) Only one of xm and xs is reliable with respect to the conditions
explained in Section 5.3, and the ratio of || and |xwo| is greater
than a given threshold y2 (i.e., |ken|>yoen2| OF |Aes2|> 2|k )

The threshold y1 describes how much change of curvature across an edge is
required for the edge to be extracted as a feature edge. The edge is extracted
as a feature edge if the curvature changes 1 times across the edge. Hence,
yrmust be chosen based on the user’s requirement.

The choice of y» must depend on the percentage of the error caused by the
unreliability described in Section 5.3. For example, if the estimated curvature
K 18 subject to an error ratio of E ( E>1), x« can vary in the range of
x/E<xes<xE , where x is the exact curvature. To take the error into account,
y> must be Eyi. However, because the percentage of error £ cannot be ob-



12 Soji Yamakawa and Kenji Shimada

tained, y. can only be found empirically.

6.3. Extracting Feature Edges on the Cylindrical Surfaces

The third procedure in the proposed method extracts feature edges on the cy-
lindrical surfaces. It is desirable to constrain four to six edges on the cylindri-
cal surface that are parallel to the axis of the cylinder for the meshing as
shown in Fig. 2.

It is also important to constrain edges on the co-axial cylindrical surfaces
consistently so that meshing does not produce self-intersections. For example,
if two co-axial cylindrical surfaces have constrained edges as shown by thick
lines in Fig. 10, meshing produces self-intersections when large elements need
to be created for reducing the number of elements. Hence, the proposed
method needs to find cylindrical surfaces from the polygonal surface, and ex-
tract feature edges on them consistently so that the chance of yielding such
self-intersections is minimized.

If some polygons represent a complete cylinder (a cylinder whose cross
section is a complete circle,) the cylinder can be found by fitting a circle to a
crawling path in the principal curvature direction and checking the fitness of
the circle to the crawling path. However, it is difficult to identify some poly-
gons representing a partial cylinder (a cylinder whose cross section makes a
partial circle) because such polygons can also be interpreted as a part of a non-
cylindrical surface.

For this reason, a heuristic approach is used for finding partial cylinders.
Often a complete cylinder is co-axial to a partial cylinder; when the proposed
method finds some polygons that potentially represent a partial cylinder, those
polygons are considered to be a part of a cylindrical surface if a complete cyl-
inder co-axial to the partial cylinder is located close to the partial cylinder.

The proposed method uses two angle thresholds — won and won ((@on < won)
— to find cylindrical surfaces. When the proposed method locates a set of
polygons that may represent a cylindrical surface, it calculates the angle of arc
of the cross section of the potential cylindrical surface, denoted as ... The
surface represented by the polygons is considered to be a complete cylinder if
@on2 < Ooi . If @won < 6 < w2, the surface represented by the polygons is consid-
ered to be a partial cylinder if a co-axial complete cylinder is found. The sur-
face is not considered to be a part of a cylindrical surface if @y <w.n. Since
Oy is calculated by taking an angle of revolution made by a crawling path
around the surface, we call @, a “revolution angle” of the cylinder.

After locating cylindrical surfaces represented by sets of polygons the pro-
posed method makes groups of cylindrical surfaces based on the proximity
and axial directions of the cylinders. A coordinate frame is assigned to each
group, and feature edges are extracted on the cylindrical surfaces based on the
coordinate frame. Details of the algorithm are described below.
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The proposed method calculates a principal curvature x1 and the principal
curvature direction v« at x by the method described in Section 5.4 where x
is a point on the polygonal surface. The method then finds two crawling paths
starting from x to the directions +v. until: (1) total angular change of the av-
erage tangential vector exceeds 180 degrees, (2) angular change of the normal
vectors of polygons in one step of crawling exceeds wwa», or (3) twist angle
exceeds @i .

The two crawling paths described as f{ao,ai,..,av} and {bo,bs,...bv} are
merged into a crawling path: Cor={p-m-1,p-s,...px} ={bs,bu-1,...bo,a0,a1,...,av} .

The revolution angle 4. is calculated from Co as: Gu=6(p-m-1—>p~) ,
which is the total angular change of the tangential vector of the crawling path
from p-»- to py. If the crawling path is on a complete cylindrical surface
and makes a complete revolution around the cylinder, & is 360 degrees. If
the crawling path is on a partial cylindrical surface, €. is less than 360 de-
grees.

If the crawling path is on a cylindrical surface, the plot of normal vectors
lies on a plane, and the normal of the plane is parallel to the axial direction as
shown in Fig. 11. The proposed method fits a plane to the normal vectors of
the polygons that the crawling path passes by the least-square method. The
plane is denoted as P., and the axial direction is denoted as a.

The points of the crawling path are then projected on P., and a circle that
fits to the projected points is calculated by the least-square method [9, 10].
The center of the circle is o, and the diameter is R. To test the fitness of the
circle to the projected points, the proposed method calculates the maximum
and the minimum distances from a projected point to the center of the circle,
Ruex and Rumin .

Finally, the proposed method considers that the polygons passed by the
crawling path are part of a cylindrical surface if the following three conditions
are satisfied: (1) @on<@u, (2) 0.95< Rm/ R<1.05, and (3) 0.95< Rmi/ R <1.05.

The proposed method tests the above conditions at a sample point per poly-
gon and makes a list of detected cylindrical surfaces. If the polygon is con-
vex, the sample point for the polygon is the center of the polygon. If the poly-
gon is concave, the proposed method picks randomly a point inside the
polygon.

Groups of cylindrical surfaces are then made by the following algorithm.
Let Caou1,Cais,...,Corv be the detected cylinders sorted in the descending order
of the revolution angle, and ..« be the revolution angle of Cow (1<k<N);
Ou.i> 0.y (i<j). Assume that C..:; is the first cylinder that is not yet in any
group and satisfies w.i2<8@..r. The proposed method makes a new group of
cylindrical surfaces, Ga.x (K th group), that initially includes only Cou:. It
then compares Cor.; With Cors Where I+1<J<N, and Cous is added to Gorx if
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(1) the axial directions of Co.r and C...s are not different by more than @i,
and (2) Cor; and C.is intersect each other, or one encloses the other. The
two conditions checks if C..; and C.., are co-axial. The two conditions,
however, can be satisfied if the axis of one cylinder is off center of the other.
The two conditions are intentionally made loose for tolerating discretization
errors. The proposed method repeats this process until all the cylinders that
satisfy @on <@, are included in a group. Some cylinders with less than w.»
revolution angle may not belong to any group, and feature edge will not be ex-
tracted on such cylinders.

K = 0.49 e
6 =0.18rad(10.3deg)
6 =0.98rad(56.2deg) &
Les(pr —> ps) =2.34 (e2+e1)/2
e (e2—e))xn
(a) Crawling path originated from Xmia1 Fig. 8. Finding a point Inside
Kesr2 = 0.069 a polygon

6 =1.18rad(67.5deg)
Z;p(j —>p)=103 /-Q %@

Yield self-intersection

L

(b) Crawling path originated from Xmis2

Fig. 9. Example of curvature estimation on Fig. 10. Inappropriately con-
both sides of an edge strained edges

Finally, the proposed method calculates a coordinate frame for each group
and makes feature edges on the surfaces of the cylinders included in the group.
ax 1S a unit vector that is parallel to the axis of the first cylinder of the group
Gaix, i 18 an arbitrary unit vector that is perpendicular to ax, and j is ixax.
The coordinate frame is defined by the three vectors i, j, and ax. The pro-
posed method assigns to each polygon included in the cylinders a clockwise
rotation angle measured from i to the normal of the polygon n, (6 =acos(i-n)
if j-n>0, é=2r-acos(i-n) otherwise.) The proposed method extracts as a fea-
ture edge an edge shared by two polygons included in a cylinder of the group
that satisfies | GuNoi/27 |#| 62Noi/27 | Where Gu and 6. are the angles assigned
to the two polygons sharing the edge, N.. is a user-specified parameter that
defines the number of feature edges needed around a complete cylinder, and
| x| is the largest integer that is less than x . For example, when N.. is four,
|GNai/27 | varies zero to three, and a feature edge is extracted where
| &Nei/27 | changes as shown in Fig. 12.
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s |_911M;w/27rJ:2 L&LN@//Z;:J=3
R
Ss
X

(a) A discretized cylin- (b) A plot of normal
drical surface and nor-  vectors lying on a plane .
mal vectors [nNei/27 |=1 3N | GaNew/ 27 J=0
Fig. 11. Normal vector plot of a discretized Fig. 12. Feature edges (Thick
cylindrical surface lines) around a cylinder

7. Results

The proposed method has been tested with many polygonal surfaces including
more than fifty facet models used for plastic injection molding simulation, and
has shown good performance. This section shows some results from the ex-
periments. The parameters used for creating these models are shown in Table
2.

Figures 13 and 14 demonstrate the ability of the proposed method in captur-
ing sharp corners, fillet boundaries, and cylindrical surfaces. Both models in-
clude concave polygons with more than four nodes. The proposed method
successfully captures the cylindrical surfaces and extracted six feature edges
on each cylindrical surface. Fig. 13 (b) shows that the proposed method ex-
tracts feature edges on the two co-axial cylinders so that a feature edges on
one of the two cylinders is located close to a feature edge on the other cylinder
in order to reduce the possibility of producing self-intersections when large
elements must be created on the cylinders. Both models are successfully
meshed into a very coarse mesh without producing self-intersections. Creat-
ing a very coarse mesh without producing self-intersections is very difficult
and is only possible when appropriate edges are constrained.

Fig. 15 shows a more complex example. The input model includes concave
polygons with more than four vertices. The proposed method successfully ex-
tracts feature edges from the input model, and the model is meshed into a
coarse triangular mesh.

Fig. 16 shows a PDA cover. This model is created by a CAD facet genera-
tor and includes many high aspect-ratio triangles. The model has some small
cylindrical holes as shown in Fig. 16 (b); such holes create self-intersections
when a coarse mesh is needed unless feature edges are appropriately con-
strained. The proposed method successfully extracts feature edges on the
holes, and a valid triangular mesh is shown in Figures 16 (e) and 16 ().
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Table 2. Parameters used for creating examples

@saor 5 degrees  wwin 45 degrees 72 10 Dot 45 degrees

@dgap 45 degrees 7 2 Nyt 6 D2 270 degrees

8. Discussions and Conclusions

The proposed method extracts feature edges from a general polygonal surface.
The method extracts (1) edges on sharp corners, (2) edges where the curvature
changes significantly across the edge, and (3) edges on the cylindrical sur-
faces. Such feature edges must be constrained for meshing, or some geomet-
ric features will be lost unless sufficiently small elements are used. The
method has been tested with many polygonal surfaces and has shown a good
performance on the test models.

The method helps create a coarse mesh without producing self-
intersections. However, the method does not necessarily help create good
quality elements. For creating a valid and good quality mesh, the proposed
method must be used together with an appropriate element sizing function.

The method captures cylindrical surfaces and extracts edges on such cylin-
drical surfaces. However, the method does not capture when the cross-section
is an ellipse, and/or the surface is significantly tapered. Capturing such ellip-
tic cylinders and conic surfaces is a topic for future research.
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(a) Input model (235 ver- (b) Extracted feature edges (c) A triangular mesh (165
tices and 200 polygons) (Less than 0.1 second ) vertices and 326 triangles)
Fig. 13. A Mechanical Part

(a) Input model (356 verti- (b) Extracted feature edges (c) A triangular mesh (204
ces and 348 polygons) (Less than 0.1 second ) vertices and 428 triangles)

Fig. 14. A Bent Beam with Holes
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(a) Input model (1,661 ver- (b) Extracted feature edges (c) A triangular mesh(444
tices and 1,082 polygons) (1.3 seconds ) vertices and 884 triangles)

Fig. 15. B767
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(a) Input model (5,336 vertices and (b) Close-up of holes in the input model
10,692 polygons)

(c) Extracted feature edges (d) Extracted feature edges near the holes
(5.4 seconds )
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(e) A triangular mesh (2,007 vertices and (f) Close-up of the triangular mesh near
4,034 polygons) the holes
Fig. 16. A front cover of PDA

®) Computational time is measured with a PC with AMD Athlon 64 2.2GHz.



