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ABSTRACT

In this paper, we proposed a useful 3D mesh exinusi
method for intuitive, efficient geometric modelingfree-form
polygonal models. With our method, the user cartckkéno
strokes to extrude a polygonal mesh surface. Twiteshing
techniques: partial mesh re-triangulation and mesh
optimization are described in this paper first.eAfthat, the
extrusion algorithm with the remeshing techniques i
introduced in detail. The method can be widely usedhe
modeling of free-form polygonal objects. And at gra of this
paper, several examples are given.

KEYWORDS: Mesh extrusion, Mesh optimisation, Mesh
surface, Sketch input, Geometric modeling.

1. INTRODUCTION

The goal of this research is to develop an efficiend
intuitive tool for freeform geometric modeling. lourrent
commercial geometric modeling softwares, theredifferent
kinds of modeling tools. But all these tools are fwecise
design. They are not efficient or intuitive enoudbr
conceptual design. It is important to develop ditieht and
intuitive tool for conceptual design. Studies shitvat most
designers nowadays still prefer to express theiatore design
idea through 2D sketches. Thus, the input methodhif
modeling tool is also very important.

The mesh extrusion method is such a modeling ol f
conceptual design. It is based on a two-stroketifyuisers,
using two remeshing techniques, to rapidly constran
extruded mesh surface. Our method uses the polygogsh to

represent a surface, which is widely used for géome
modeling in general.

In this paper, we first introduce the two remeshing
techniques that are used as the fundamental meslegsing
algorithms of mesh extrusion. Then, the whole pdace of
the mesh extrusion approach is presented in detail.

2. LITERATURE REVIEW
A lot of research has been focused on the meskacairf

construction. Meyers et al.’s work (1992) was coned with
the problem of reconstructing the surfaces of three
dimensional objects, given a collection of planamtours
representing cross-sections through the objectppéiet al.
(1994) presented a general method for automatic
reconstruction of accurate, concise, piecewise #fimsorface
models from scattered range data. SKETCH systerdeZ{di

et al., 1996) rapidly constructs approximate shapedirect
mark based interaction. Teddy system (lgarashil.et1899)
constructed a rounded freeform mesh model by fipdime
chordal axis of user input 2D closed stroke to tinooth
surface around the axis. Another approach to mesh
construction was the use of implicit surfaces (Bieaothal and
Whyvill, 1990; Markosian et al., 1999). The userdfied the
skeleton of the intended model and the system atst
smooth, natural-looking surfaces around it. By edirg
implicit surface modeling techniques, Markosiarakt(1999)
presented a particle-based freeform surface maglelin
approach. In their system, a user interactivelydgsithe
particles, called skin, to grow over a given cdimt of
polyhedral elements (or skeletons), yielding a smaurface
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(though subdivision) that approximates the unded\skeletal
shapes. In our mesh construction algorithm, we lsimge the
approach of Mayers et al. to construct mesh surfete/een
two neighbouring base rings.

an arbitrary triangular mesh surface with respeat a
prescribed criteria to obtain a unit surface mésh, (wvhere all
edges have a normalized length close to the optirakie).
Our algorithm proposes to optimize the mesh inl“tieae”.

Suzuki et al. (2000) presented a 3D mesh-dragging
method for intuitive, efficient geometric modelingfree-form
polygonal models. With their method, the user ceagd part
of a triangular mesh and change its position anehtation.
Their method is based on an adaptive remeshingeguoe.
Similarly, our interactive mesh extrusion also pegs an
intuitive, efficient geometric modeling of free-forpolygonal
models. Our approach is also based on two fundahent
remeshing techniques: partial mesh re-triangulagiod mesh
optimization. Some other interactive modeling resikes are
related to the multi-resolution presentation of eledZorin et

Our extrusion approach is closely related to theusion
method in Teddy system (lgarashi et al., 1999). \Baitfocus
more on the fundamental techniques. Based on the tw
fundamental techniques: partial mesh re-trianguhatand
mesh optimization, we develop an efficient and itite
freeform modeling tool — mesh extrusion.

3. PARTIAL MESH RE-TRIANGULATION
The work is to re-triangulate the triangles of a 3D
polygonal object - by painted curves on its surface. After

al (1997) built a scalable interactive multi-resmo editing
system based on mesh refinement
algorithms; and Khodakovsky and Schroder (1999¢idped
an algorithm based on Zorin’s approach that canifyjode
fine level shape of a surface.

Several algorithms have been formulated to simplify

surfaces and to solve the more general problem wfi-m
resolution modeling. Schroeder et al. (1992) deediian
algorithm that we term vertex decimation. Their noet
iteratively selects a vertex for removal, removisadjacent
faces and re-triangulates the resulting hole. Gdrland
Heckbert (1997) developed a surface simplificat@bgorithm
that can rapidly produce high quality approximasionf
polygonal models. The algorithm uses iterative @etions of
vertex pairs to simplify models and maintain suefagrror
approximations using quadric matrices. It can f@até good
approximations, both visually and with respect smmetric
error. But in their algorithm, the element shapelijies are
not respected. Hoppe et al. (1993) presented a aoheftr
solving the mesh optimization problem by defining energy
function that explicitly models the competing regmients of
conciseness of representation and fidelity to th&.dTheir
algorithm is based on obtaining the optimal solutid energy
functions. It is a time consuming iteration schemaed
reference cloudy points are required. Frey and Bdraki
(1998) presented a surface mesh optimization methatlis
suitable for obtaining a geometric finite elemendsim, given
an initial arbitrary surface triangulation. Thesfistep of their
method involves constructing &' continuous geometric
support, associated with the initial surface tridagon, which
represents an adequate approximation of the undgrly
surface geometry. The initial triangulation is theptimized
with respect to this geometry as well as the elenséxape.
Their procedure of mesh optimization is also a vénye

consuming iteration scheme, but not a real time hmes

optimization technique. We address the problemptiftzing

re-triangulation, the painted curves become theegdg the

and coarsification triangles of® (as shown in Figure 1).

(a) before re-triang
Figure 1 Partial Mesh Re-triangulation

The whole procedure of re-triangulation consist<ooir
steps: 1) calculate the intersections of the pdimigrves; 2)
create new vertices and edges by painted curvasaBpulate
triangles in A; -, , one by one; 4) use the triangulation

result to obtain the new object®' .

After we have painted several curves on the surdéce,
the painted curves are represented by severalng&ségments.
But the intersections of painted curves are notedton the
data structure of our system. Thus, we need toirolitze
intersections and insert them into the painted esiias nodes
in the first step of subdivision.

In the second step of re-triangulation, we usentbaes of
the painted curves to create new vertices of mégcod ;
and use the line segments of the painted curvesetiie new
edges. Triangular edges crossed by the paintedesuave
divided into several edges. These new verticesravd edges
should be stored in the data structurabofas they will be used
in the third step of subdivision. The divided trgafar edges
are removed fromb .

The third step of re-triangulation subdivides thartgles

in A1, ., One by one; the procedure is shown in Figure 2

(from the left column to the middle column). Beoalexiges
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and vertices have been created in step two, onptriangular
faces are created in this step. Here the consttdiaunay
triangulation algorithm is performed. At the endtbis step,
we obtained new triangle&; ;_;, -

Step four is shown in Figure 2 (from the middleucoh to
the right column). After replacing the trianglés;-,, , by

Aliz15 o In @, we obtain a new mesh obje® . In @', the
painted curves orp have become the edges of the triangular

mesh.
% — — %

B Node inside triangle face ° Node on triangle edge

WAV A

Figure 2 Re-triangulaté, ;_,, , to obtain®’

4. MESH OPTIMIZATION

In this section, we propose to address the probdém
optimizing an arbitrary triangular mesh surfacehwiéspect to
the prescribed criteria to obtain a unit surfacsmg@.e., where
all edges have a normalized length close to thinaptvalue,
see Figure 3). Our algorithm proposes to optimierhesh in
real time.

(b) optimization result
Figure 3 Example of Mesh Optimization

4.1 Criteria of Optimization

Before defining the criteria of optimization, weedea
parameter to measure the shape of triangles igitte® mesh
surface,M . Since our mesh optimization algorithm is an edge
based optimization method, we define a shape fdetartion,
h(e), for any edges in M .

Definition 1 Shape factor functiom(e) is
6l
2
where |, is the length of edge, and]l; is the edge length of
triangles shared edge.

h(e) =

Let 773 be the (discrete) size map associated with the
vertices of M. Frey and Borouchaki (1998) define a
continuous size mapgs in 0 by interpolating/z, over M .

Definition2 Mesh M conforms to the mag;, if and only if

1
OedM, —=<l <42
5 e

wherel, is the length of edge with respect tap;.
’ e

e
Figure 4 Dual edge ¢ in M

For any edgee in M, we define a dual edges’, as
shown in Figure 4. The definition of the dual edgeised to
describe the criteria for edge swapping. Berg et(H#97)
introduced the angle-optimal of a triangulationtioé planar
point set, which is derived from Thales’s Theorémthe same
way, we define the angle-optimal bf .

Definition3 We assume that mesM has n triangles.
Consider the3n angles of the triangles oM, sorted by
increasing value. Letr;,a,,...,a5, be the resulting sequence
of the angles; hence,a;<a;, for i<j. We call
AM):=(a;,a5,...,a3,) the angle-vector oM . Let M' be a
mesh surface that has the same vertices wittand let
AM"):=(a;,05,...,a3,) be its angle-vector. We say that the
angle-vector ofM is larger than the angle-vector &' if
A(M) is lexicographically larger tharA(M' |, )or, in other
words, if there exists an index with 1<i<3n such that:

aj=aj for all j<i, and a;>aj. We denote this as

AM) > A(M’). A mesh surfaceM , is called angle-optimal if
AM)=AM') for all mesh surfacesM', have the same
vertices withM .
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Definition 4 Define the minimum angle functioar(e) of
edgee,
a(e)=min{Ua [ f; ;_1,}

where f; ,_,, are the triangles sharing edge and Oa is
the angle inf; ;_;,.

From Definition 1, 2, 3 and 4, we can define thieecia of
mesh optimization a§le(0M ,

1
—<h(®<+2 (1)
72 (e)
a(e) <a(e) )
Equation (1) is the criterion for edge split andyedollapse,
Equation (2) is the criterion for edge swap. Aftee criteria is
reached, we obtained a unit surface mesh — in walicedges
have a normalized length closed to one. But a#istirig, we
find that criteria (1) is too restrict to implementhus, we

change it to% <h(e)<+2.

4.2 Optimization Operators

The purpose of mesh optimization is to modify thi¢ial
triangular mesh so as to produce a unit surfacehnies
accordance to the criteria. Basically, it invohasbdividing
the longest edges, collapsing the shortest eddes dtige
length is computed with respect to the criterimmtimization)
and swapping some edges to reach angle-optimadti€atly,
this stage involves edge split; edge collapse afgk eswap
operation (Figure 5).

%
/<P
<> ‘}
Z S
£ 4

edge split

initial configuration

N

<>

o

S

edge swap

Figure 5 Optimization Operators

Edge split: For a mesh edges, the edge split operation
involves introducing the edge midpoif,, and in snapping

P, onto a local spherical surfacg,, which is determined by

endpoints of edgee and the endpoints of its dual edge
(introduced in section 4.3 in detail). The two tvades, f; and

f,, sharing edgee are replaced by four new triangles,

fij=1_4- One new vertex and four new edges are created.

And all topological information of entities sharieggee and
its endpoints should be alternated too.

Edge collapse: The edge collapse operation is based on the
identification of the two endpoints of edge thus leading to a

unique point P, that can be either one of the original edge
endpoints. It also changes the position & to the
interpolation point B, of the midpoint of edges on local
spherical surfaces, (the determination of, is introduced in
section 4.3). This operation removes the two triesid;,; and

f,, their sharing edgee, and the two edges sharing the
deleted vertexP; in f; and f,; replaces the endpoint of the
edges sharin@ to P,.

Edge swap: The objective of the edge swap operation is to
decide whether the current configuration is beftegarding
the element shape — in detail criteria (2) intragtldn last
section) than the alternate configuration (Figureight-hand
side). The two triangles f{ and f,) sharing edgee are

replaced by two new trianglesf{ and f;) sharing the dual

edge € of e. All topological information of entities sharing
endpoints of edge and endpoints of' should be alternated.

4.3 Geometric I nterpolation

For the edge split operator, the coordinate of ey
created vertex needs to be determined; for the edbapse
operator, the new coordinate of either of the endpmf edge
e should also be determined. As we mentioned in ldise
section, we use a local spherical surfagg, to interpolate

those points.

Local Spherical Surface S;: Let PR(x,¥;,z) and
P,(%5,Y,,2,) be the two endpoints of edge; and let
Ps(X3,Y3,23) and Py(%4,Y4,24) be the two endpoints of edge
€, a local spherical surfac&,, is determined (Figure 6).

:1
R

Figure 6 Local Spherical Surfa& Determined by
Endpoints of Edges and €
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The equation ofS; is

X2+y?+z22 x y z
XY X o g
Xo+Y2+ZE X, Y, 2 3)
XHYSHZE X Y3 2
XetYatZE X4 Y4 2

S G S G Y
11
o

Interpolate Point on S;: The midpoint, B,,, of edgee is
Pn=(R +P,)/2. Let the unit normal of point§ be n, and
the unit normal ofP, be n,. We approximate the normal of
B, as n,=(n+n, )/2 Thus, a line equation, which passes
through B, with direction n, is obtained by

P{t) =R, +tn,,. 4)
Equations (3) and (4) can determine the two int¢ises. The
closest intersection point toB,, named B, is the
interpolation point onS;. In edge split, we snap poimR,, to
the position of P,,; and in edge collapse, we change the
position of P, to the interpolation poinf;,.

4.4 Scheme of M esh Optimization

In order to select an edge to perform edge collapwst
edge split during a given iteration, we need tagamsshem
some notations. The shape factor functibfe) of edge e
mentioned in definition 1 of section 4.1 defineg tost. And
to the edge swap operator, the notation of codéfimed by the
minimum angle functiona(e)/a (e )of edgee mentioned in

definition 4 of section 4.1.

Algorithm Summary: Our optimization algorithm is build
around the edge operators described in sectioreA®criteria
defined in section 4.1. The current implementatiepresents
models that use an adjacency graph structure, whidhdes
vertices, edges, and faces; they are all explicilyresented
and linked together. Each vertex maintains a lighe edges
of which it is a member. The algorithm itself care b
summarized as follows:

1. Compute the shape factor functioh(e), and the

minimum angle functioror(e Yf each edge;

2. Place all edges in a maximum hedp keyed on theh(e)
of edge — the edge with maximuti(e i9 at the top of
Hs;

3. lteratively split the edge at the top ofH; remove the

4. Place all edges in a minimum heBp keyed on theh(e)
of edge — the edge with minimurh(e i3 at the top of
Hes

5. Place all edges in a minimum hed&p, keyed on the
a(e)/a(e) of edge — the edge with minimum(e)/a(e€ )
is at the top ofH ,;

6. Remove the edge at the top ofH_, collapse edgee;
then remove it fromH, and update the costs of all valid
edges involvinge in H, and H;

7. Swap the edge at the top ofH,, update the cost of in
H.; update the costs of all valid edges involviegin
H. andH;

8. If h(e) of the edge at top oH fails to reachh(e 2%;

or if a(e)/a(€) of the edge at top oH, fails to reach

a(e') =1, return to (6).
a(e)

Preventing Mesh Inversion: Edge operators do not preserve
the orientation of the faces in the area of theeedlgerations
necessarily. For instance, it is possible to calapn edge or
swap an edge and cause some neighboring facelsl tovier on
each other. It is usually best to avoid this tydenuesh
inversion. We use essentially the same scheme lsethers
before (Garland, 1997). When considering a possduge
collapse or swap, we compare the normal of eachhbering
face before and after the operation. If the norfiipk, this
operation would be either heavily penalized or lthsaed.

Control Gap Tolerance: The gap between the approximated
mesh surface and the “true surface” is an importaletance.
It must be controlled during the process of mestimopation.
Let D(P,) be the distance from the midpoiR}, of edgee to

the local spherical surfac&,; and D(P,, ) be the distance
from the midpointP,, of edgee to S,. While considering a
possible edge swap, we compaf@P,) and D(P;). If
D(P,,) >a D(P,,), edge swap operation should be disallowed
(where a is a coefficient to control the accuracy of
approximation, i.ea =+/2).

5. MESH EXTRUSION
The extrusion is a two-stroke operation: a clogeake on
the surface of object® and a 2D stroke depicting the

edge e and insert new edges created by the edge split silhouette of the extruded surface. Firstly therudeaws a

operator. Wherh(e Yf the edge at the top ¢f; reaches
h(e) <+/2, the iteration stops.

closed stroke on the object surface (Figure 7an tthe user
rotates the model to bring the closed stroke sigiewead draw
a silhouette line to extrude the surface (Figurg Pbsweep
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operation is applied on® to construct the 3D shape by Congrainl The plane passes through two points

moving the _closed surface line along the ske_letd)nthe P (x,Y1,2) and P, (X,,Y,,2, ), Wwhere P" OB (i = 12) are
S|_Ih0uette. Figure 7c shows the result of the eskomy r_:md the closest paints to the two endpoints(of

Figure 7d shows the mesh representation of theusin
result. The direction of the extrusion is perpentic to the

. Congrain2 The plane lies parallel to the normal
object surface, but not parallel to the screen.

Ag =lgi +mg] +ngk of the base rind3 .

Pro jection
Plane

-
e Screen
[ Plane

Figure 8 Project Extruding Stroke

(© (d)

Figure 7  Extrusion

Under the above two constraints, the plane facemrtis the
camera as much as possible. If the normal of eadlexonB

The algorithm of extrusion consists of four stefs: is iy =l;i +m j +nk, the normal ofB can be obtained by
Create base ring; 2) Project extruding stroke; Bg&p base B (1Zn:I " (1Zn: N (1Zn: )IZ -
ring; 4) Sew adjacent rings. ng =(— iN+=) m)j+(=) n

g ) J g B ni:1| ni:1 1 n.:1
5.1 Createbasering where n is the number of vertices oB. And then, the

The base ringB is defined as a closed curve, which lies equation of the projection plane can be written as
on the surface of objesd , B={¢,q 0P}, whereq are the X y z
connected triangles’ edges. In the algorithm ofekteusion, it XX Y, oz
should be created by the closed stroke input abufist. % Ve 7 =0. (6)

When users draw a closed stroke on the objectcyrtae lg Mg ng
system calls the partial re-triangulation algorithim re-
triangulate the object by the closed stroke. Aftee re- 5.3 Sweep basering
triangulation, the closed stroke has become tlamgie edges After the system projects the 2D extruding strok®odhe
of @. These triangle edges age in B, they form the base  plane, producing a 3D extruding stroke. Copieshef base
ring B. The area insid® is highlighted in Figure 7c. ring are created along the extruding stroke in suelay as to

be almost perpendicular to the direction of thewesion, and
5.2 Project extruding stroke are resized to fit within the stroke (Figure 9).i9Fs done by

As shown in Figure 8, the 2D extruding stroke is advancing two points (left and right) along the resing

projected onto a plane to obtain the projected RBuding stroke starting from both ends (Figure 10).

stroke Q. Thus, the major problem of this section is how to
find the projection plane.

Two constrains are defined to determine the prigject
plane,
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Figure 9 Sweep Base Ring

And in each step, the system chooses the best eof th
following three possibilities: advance the left ipioi- case one,
the right point — case two, or both — case thrém goodness
value increases when the angle between the lineeotimg the
points and the direction of the stroke at each tgoiis close to
90 degrees. In other words,

a; = max{90- OR;RR| (90—~ 0P, PR},

a, = max{90- ORRP,| |90-ORP,R[},

a3 = max{90- OR;PyR,| |90~ OR,P,Rs}
wherea,, a,, and a; respectively represent the angle of case
one, two, and three. Thus, the possibility of thee¢ cases —
P is
i, i=123.

RO )

This process is completed when the left and rigimgs meet.

Figure 10 From Left to Right: Case 1, 2, and 3

After the two points are advanced, the left point ahe
right point areP| and P;. In case oneR =P, and P, =P, ;
in case two,B =P, and P, =P,; and in case threeR =P,
and P, = P, . Assume that the normal of the projection plane is

fi,, then the pointR, and three vectorsfi,, B'P, , and

fi, xP P, build an orthogonal coordina®” ; and pointP,

and three vectors:fi;, RP,, and f,xPP; build an

orthogonal coordinateD’'. Briefly, the procedure of copying
the base ringB is to translate the vertices oB from
coordinate O" to coordinateO’, and scale them by ratio

[/

5.4 Sew adjacent rings

In this step of mesh surface extrusion, the origina
polygons surrounded by the base riBgare deleted first, and
then the new polygons are created by sewing thghbering
copies of the base ring together (Meyers et al92) 9Figure
11a).

After sewing the adjacent rings, a new 3D polygonal
object is created as shown in Figure 11b. Analyzirggmesh
representation of the 3D polygonal object, we fthdt there
are many short edges and small triangles at theotofne
extruded mesh surface (circled by red pen). The hmes
optimisation algorithm introduced in section 4 ised to
remove these short edges and small triangles; eBeltris
shown in Figure 11c.

PP,

(b)
Figure 11 Sew Adjacent Rings

(©)

6. CONCLUSION AND DISCUSSION

In this paper, we propose a useful 3D mesh extnusio
method for intuitive, efficient geometric modeliofj freeform
polygonal mesh surface. With our method, the uaersketch
two strokes to extrude a polygonal mesh surfacee Th
fundamental algorithms of this approach are partiakh re-
triangulation and mesh optimization. They are idtr@ed in
this paper first. After presenting the two fundamaén
algorithms, the extrusion algorithm is introducadietail. The
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method can be widely used in the modeling of freafo
polygonal objects.

Users can create a wide variety of shapes usirsgntleish
extrusion tool, as shown in Figure 12.

a4 4

(a) long (b) thin (c) sharp
Figure 12 Examples of Mesh Extrusion

The system uses the same algorithm to dig a cawityhe
surface (Figure 13). The implementation of extrosi@es not
support holes that completely extend to the othee sf the
object. Further research can focus on how to saiweh

problems.
Figure 13 Dig a Cavity
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