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Abstract

This paper presents a novel technique for modelid®p non-manifold freeform model around a 3D refeee
model. In order to represent both the design atitress and the incomplete topological informatifirst of all,
a new non-manifold data structure is defined. Qatadstructure embodies the functional vitalitiedboth the
boundary representation data structure and the leartyased data structure. Along with our data $tmeg a set
of topological operators is defined to manipuldte éntities in the data structure. Based on thenmamifold
data structure and the topological operators, weldped a technique to construct 3D freeform okjacbund a
reference model. Intuitive 2D sketches are adopespbecify the detail profile of the constructedeait. The
construction method is feature based — every neferenodel has pre-defined features, and the fetgmplate
of the constructed object is related to the featwfethe reference model by feature node encodihgrefore,
the surfaces derived from one reference model earepenerated automatically on another referencgdemo
with the same features. The geometry coverage rofeometric modeling approach includes both madiéwid
non-manifold 3D freeform objects.

Keywords: non-manifold model, feature template, referencdeh@D sketches, geometric modeling.

1. Introduction

In design processes and engineering analyses,ndasgractions expressed as lines or surfacesitagral
parts of the conceptual model for a physical objébts conceptual modeling approach can be eqaglptied
to non-physical objects. In geometric modeling,hsan approach is commonly referred tonasm-manifold

geometric modelingr non-homogeneous geometric modelingview of the nature of the modeling domain.
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This paper is going to develop a new approach fodeting 3D non-manifold freeform objects. The mdatgl
method is feature-based — the constructed objemtolsnd a 3D reference model by a feature tempéatery
reference model has pre-defined features; and ghture template of a constructed object is relabethe
features on the reference model. Therefore, thaces derived from one reference model can be ezgtsd
automatically on another reference model with tmes features, which greatly improves the efficieatBD
object modeling. The geometry coverage of the modemmethod presented in this paper includes closed

surfaces (e.g., Fig. 1a), open surfaces (e.g.,B)g.and more complex non-manifold surfaces (€ig., 1c).
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Fig. 1 Closed surface, open surface, and moremaplex non-manifold surface

Abstractions are frequently used along with the et®dor physical objects, which leads to the non-
manifold geometric modeling. With the exceptiortlus, a non-manifold data structure is also usestdee the
incomplete topological information generated in tingology designing process of a product. Thust of all, a
non-manifold data structure is defined in sectio®8r data structure embodies the functional Viesdiof both
the boundary representation data structure anddimplex-based data structure, so the design abistraand
the incomplete topological information can be stor€onsideration has also been made to design afset
topological operators to relieve the geometric niadesystem from specific and complex manipulat@nthe
underlying data structure. Based on the non-mahiftata structure and the topological operatorsised
introduces a method to construct 3D freeform oBjecbund a reference model. The feature templata 8D
freeform object is designed according to the femtuon a reference model by feature node encodidg an
topological graph construction. 2D sketches aredaoted to specify the 3D profiles of the final alijen the
feature template. After that, the smooth mesh sadanterpolating the feature nodes and profiles feature
template are computed. Both manifold and non-méhsarfaces can be constructed. At the end of #pep in

order to demonstrate the functionality of our agig an application in the apparel industry is give



2. Related Work
Modeling of non-manifold object
Weiler (1986) [1] presented the first significandnk on the non-manifold model. An edge-based datectsire
called the Radial Edge Structure (RES) was propokedrder to represent the non-manifold adjacency
relationships at vertices, edges, and faces, hedinted theface-use loop-use edge-usg and vertex-use
topological entities in association with tfece loop, edge andvertexentities, respectively. However, in the
RES, it is impossible to form a correct shell usardy topological data when a non-manifold vertes o be
traversed. To overcome this drawback of the RESyi €O89) [2, 3] proposed the Vertex-based Boundary
Representation (VBR), in which the zone and diglotogical entities are introduced to representiticiisive
relationships between the local regions at a veSexne other approaches are complex-based reprgeard-
6]. Since the complex-based data structure, urtliee afore-mentioned data structure, is based oimples
incidence graph that has no ordering informatiérddes not enable easy computation of certain itapor
properties (orientability, for instance). A moreeat research on the representation of non-manifaldels is
the Partial Entity Structure (PES) [7], which i€@mpact non-manifold boundary representation. Theage
size of the PES is reduced to half of the radigleestructure (RES). However, incomplete boundardemot be
represented in this data structure, which is vitaimaintain in a conceptual design. Our data sfrects a
combination of the boundary representation andcthmplex-based representation, which can overcome th
above inadequacies.

In topological modeling, a set of basic topologioglerators is utilized to manipulate the entiti€he
topological operators for non-manifold modeling bessed on thaon-manifoldEuler-Poincare formulgd8-11].
Not only is a minimal set of the Euler operatorguieed but also a practically sufficient set of thygerators is
needed to enable efficient implementation of higbel modeling capabilities. Masuda (1993) [10] de$i
operators for his complex-based data structurel&ed2001) [7] also presented a set of operatdaded to the
PES. In this paper, the topological operators tajdor the new non-manifold data structure are aisluded.
Feature based freeform mesh object modeling
In the past, many freeform modeling approaches teeen developed. Some of them are related to surfac
construction [12-14]; some are interactive modifwa methods [15-17]; and others are deformatichnejues
[18-24]. The freeform object construction methodganted in this paper is feature-based. It relditestly to

the feature-based freeform object modeling andrtesh fitting techniques.



Feature-based object modeling has been studied lfmmg time [25-34]. In feature-based modeling,ecbj
semantics are systematically represented for afgpapplication domain; in other words, a semaifidature is
an application-oriented feature defined on geome&tiements. There are two approaches for buildifepture
model [32]: 1) The design by feature approach thaates the feature model of an object by compotiag
available features in a feature library; 2) Thedearecognition approach that recognizes varieasufes from
a geometric model of an object according to théufes defined in a feature library. In our featbesed object
construction approach, a feature template related reference model is built and profiles of thatdiee
template are specified using 2D sketches. Afterpitidiles of a feature template are defined, a nmsface
fitting the profiles is constructed. This is a napproach as the technique involves no feature rétog and
uses a feature template library rather than a fedifarary. It allows more flexibility in the desigenvironment.

In our 3D object construction algorithm, we buitet t3D mesh surface from the 3D profile curves, Wwiiéc
converted from 2D sketches input and with an aabjttopology. The constructed surface interpolatimg
given 3D curves must be smooth. There are two aghes to construct smooth mesh surfaces interpglati
given curves with an arbitrary topology: the congdairsubdivision scheme [35, 36], which is subdivisioask
based; and the variational subdivision scheme [8fijch is discrete fairing based. In our approawit,all the
edges in the feature template mesh have interpglatirves; this does not satisfy the initial coioditof the
combined subdivision scheme. Thus, the variatieofidivision scheme is chosen. The surface conetfust
around a 3D reference model, and collision betwberconstructed surface and the reference modeldhbe
prevented during the shape construction process.vahational subdivision scheme is modified bygrating
the collision detection. In order to achieve ariceght scheme, the voxel-based approach [38] id tsaletect

the collision.

3. Topological Data Structure for Non-manifold Mesh Modeling
The geometric coverage of conventional boundaryessmtation solid modelers is confined to the domai

of two-manifold objects. For every point on the bdary of a two-manifold object, there exists a isightly

small neighborhood that is topologically the sanseaa open disk iiA?2. If there are any points on the
boundary that do not satisfy the two-manifold cdiodi, the object is classified a®n-two-manifoldor simply
non-manifold(see Fig. 2). While almost all physical artifaittshe world are two-manifold objects, in terms of
modeling, the domains of two-manifold ones canmsilg accommodate the entities of a lower dimersadion

such as stand-alone faces and wireframe edges.\dowsich entities are important in engineeringgeor



representing the abstraction of a geometric shayge, the 3D patterns in computer-aided garmengdewhich

are assembled stand-alone surfaces; injection npzatd or any thin-walled components).
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(a) two-manifold (b) non-two-manifold

Fig. 2 Two-manifold vs. non-two-manifold
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Fig. 3 Data structure framework

Data structure

In order to catch the representation of geomebsgtractions and the incomplete topological infoiorgta
non-manifold data structure for geometric objectelimg by triangular meshes is to be constructda: fon-
manifold elements such as stand-alone faces ofraine edges can be stored in the new triangulah reesty
— MESHSURFACE. The important adjacency informationnon-manifold model — the order of faces around
an edge is stored in a new entity — MESHJOINT. Pheposed data structure will embody the functional
vitalities of both the boundary representation dataucture and the complex-based data structure Th

framework of our data structure is defined as showkfig. 3.



There are many ways of viewing this data structforinstance, it can be thought of as being a, tnéth
BODY as its root. A BODY has a collection of MESHRBEACES, each of which is comprised of many
MESHEDGEs, MESHLOOPs, TRGLFACEs, TRGLEDGEs, and TRGDEs; and a BODY also has a
collection of MESHJOINTSs, each of which is compdsef some ordered MESHEDGEs. A TRGLFACE
consists of 3 TRGLEDGEs. A TRGLEDGE is a line segtrended by 2 TRGLNODEs. Each MESHSURFACE
is bounded by MESHLOOPSs, which consists of seveiaSHEDGEs. Each MESHEDGE has a collection of
TRGLEDGES; and each TRGLEDGE has its own direcfiag in the MESHEDGE. The adjacent information
of MESHSURFACESs at some MESHEDGEsS is stored inva eatity — MESHJOINT. Each MESHJOINT has a
collection of MESHEDGES, which contain the same hanmof TRGLEDGES, and the TRGLEDGESs are one to
one connected (as shown in Fig. 4). If a MESHED& I ithe same direction with a MESHJOINT, it isidedl
as a positive one in the MESHJOINT; otherwise,sitdefined as a negative one. The MESHEDGES in a
MESHJOINT are stored in a clockwise order by tightihand rule (as shown in Fig. 4; where M1, M2 M8
are three MESHSURFACEsS, E1, E2, and E3 are thkited MESHEDGES which contain the same number of
TRGLEDGEsS, and EO is the MESHJOINT containing td@eent information). The detail description of leac
entity is shown in Table 1 (Pseudo code is showpgpendix ). Using the data structure, it is easgarry out

any topological and geometrical manipulation onrtfamifold or non-manifold triangular mesh models.
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Fig. 4 Clockwise list of MESHEDGES in a MESHJOIN'
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We define four attributes in our data structuredheyl include ATTRIB_NODE, ATTRIB_EDGE,
ATTRIB_EDGENODE, and ATTRIB_FACENODE, where ATTRIBDGENODE and ATTRIB_FACENODE
are derived from ATTRIB_NODE. ATTRIB_EDGENODE is ethattribute node on a TRGLEDGE, and
ATTRIB_FACENODE is the attribute node in a TRGLFACEheir coordinates depend on the position of

TRGLEDGE's nodes or the position of TRGLFACE's nsdeln detail, the coordinate of an



ATTRIB_EDGENODE is represented by a paramaierelated to the nodes of a TRGLEDGE; and the

coordinate of an ATTRIB_FACENODE is represented (oyv,w) — the parametric area coordinate of a

TRGLFACE. An ATTRIB_EDGE is an ordered collectiorf ATTRIB_NODESs, which can be either

ATTRIB_EDGENODES or ATTRIB_FACENODESs. The detailsteiption of each attribute is shown in Table 2

(Pseudo code is shown in Appendix I1).

Table 1 Representational Entities

Entity Representation Description

BODY Complex of MESHSURFACEs and Highest level entity in a model.
MESHJOINTs

MESHSURFACE Complex of MESHEDGEsSs, A portion of BODY'’s surface. It defines the
MESHLOOPs, TRGLFACEs, shape of BODY, and is represented by many
TRGLEDGESs, and TRGLNODEs triangles.

MESHLOOP Complex of MESHEDGES Connected portioa MESHSURFACE’s
boundary.

MESHJOINT Complex of MESHEDGESs Assembly informat@mVESHSURFACES.

MESHEDGE Complex of TRGLEDGESs A portion of MESHLOQ#®defines the shape
of MESHLOORP. (+ve, clockwise; and -ve,
anti-clockwise)

TRGLFACE Complex of three TRGLEDGES Portion of a SHESURFACE.

TRGLEDGE Complex of two TRGLNODESs Boundary of a TH®&CE, holds the model
together with adjacency information. (+ve,
clockwise; -ve, anti-clockwise)

TRGLNODE A point Boundary of a TRGLEDGE.

Table 2 Representational Attributes
Attribute Representation Description
ATTRIB_NODE A point An attribute point on the suctaof a
MESHSURFACE.
ATTRIB_EDGE Complex of ATTRIB_NODESs An attribute me lying on the surface of a

ATTRIB_EDGENODE

ATTRIB_FACENODE

A point

A point

MESHSURFACE. ltis a list of
ATTRIB_NODEsS, and passes triangular
faces of the MESHSURFACE.

An attribute point on adrigular edge. Its
position depends on the positions of the two
endpoints of the edge.

An attribute point in a émgular face. Its
position depends on the positions of the
three nodes of the face.




Topological operators

The construction of a valid geometric model is aghd through the use of a proper set of topological
operators. In geometric modeling, the fundamergpblogical operators are Euler operators [7, 1@} tre
consistent with theEuler-Poincaré formula Likewise, the extended topological operators rion-manifold
geometric modeling have to satisfy the same formUkeeoretically, just nine independent Euler opesaand
their inverse operators are sufficient to definecamplex based non-manifold geometric models [Y@Jume
is not included in our approach; therefore onlyheigxtended Euler operators are utilized (showAppendix
1), and they are restricted to the triangular ress

When editing a model, often several repeated segseof the extended Euler operators are used. These
sequences are formulated as high level editingatiosss. Five of these sequences are formulatedgaslével
editing operations, these includdge collapseedge splitedge swapface split andface triangulation These
high level operators are provided to automate #wopmance of the extended Euler operator sequesmtes
increase the efficiency of topological operatioasd they are frequently used in triangular mesitgssing
algorithms (i.e.,edge collapseedge split andedge swapwvas utilized for mesh optimization [3%gace split
operator was conducted in the famdwa®p Subdivision Schenj#0], Variational Subdivision Schenjg7], and
Modified Butterfly Subdivision Scherfi®]; andface triangulationwas applied for remeshing [41]). The detail
description of these operators is listed as folloWseir sequences of extended Euler operatorstarersin
Table 3; and their illustration is shown in Fig. 5.

Table 3 Sequences of Extended Euler Operatorsrfbligh Level Operators

Operator Sequence of extended Euler operators

edge split kill_face_make_Chol@ times) split_ edge make_edge_Chol@ times)
make_face_kill_Chol& times)

edge collapse kill_face_make_Chol&or all faces sharind®;)  kill_edge_Choldfor all edges
sharing Py) kill_vertex_complexfor Py,) make_edge_Cholgonnecting toP,
for all original faces sharin@, except f;, and f,) make_face kill_Chole
(appropriate times)

edge swap kill_face_make_Chol& times) kill_edge Chole make_edge_Chole
make_face kill_Chol& times)

face split kill_face_make_Chole split_edge(3times) make edge Chol@ times)
make_face kill_Chol&t times)

face triangulation kill_face_make_Chole make_vertex compld¢ky ATTRIB_FACENODE),
make_vertex_edgby ATTRIB_EDGE), split_edge (by ATTRIB_EDGENODE)
make_edge_Chol@ppropriate times) make_face_kill_Choléappropriate times)




Edge split For a triangular edge, the edge split operator involves introducing #uge midpointP,, that
separates the edgeinto two new edgesg ande,. The two triangles,f; and f,, sharing edgee are

replaced by four new triangled; ;_; 4. One new vertexR,,, and four new edges; ;-; 4, are created. And

1.
all topological information of entities sharing edg and its endpoints should also be altered (seeJap. If
the edgee has a MESHJOINT connected, the corresponding TREBLEES of € connecting the same

MESHJOINT should be applied to the same split dj@maase.

Edge collapse The edge collapse operation is based on theifidatibn of the two endpoints of edge thus

leading to a unique poir, that can be either one of the original edge emtpoiThis operation removes the
two triangles, f; and f,, their shared edge, and two edges sharing the deleted veRgyin f; and f,; and
replaces the endpoints of edges shafhdo P. (see Fig. 5a). If the edge has a MESHJOINT connected, the

same as edge split, the corresponding TRGLEDGEs adnnecting the same MESHJOINT should be applied

to the same collapse operationes

Edge swap The two triangles §, and f,) sharing edges are replaced by two new triangles,(and f4)

sharing the dual edget of €. All topological information of entities sharing@points of edges and endpoints
of el should be alternated (see Fig. 5a). If the eelgeas a MESHJOINT connected, this operation is simpl

prevented.

Face split The face split operator subdivides one triangtdae into four triangular faces uniformly, where
three new vertices are introduced to divide ea@mgular edge into two edges, new triangular edgesfaces
are constructed to link these new vertices. Thustilation of the face split operator is shown ig.FEb. If any
edge of the triangular face shares a MESHJOINT waitibther edge, its corresponding TRGLEDGES in the
same MESHJOINT should have a stand-alone vertegrted in the middle, and its related faces are re-

triangulated by the followinface triangulationoperator.

Face triangulation: This operator triangulates the face with starmhalattribute vertices and the edges on it.
The vertices and edges are stored as ATTRIB_ FACBRS) ATTRIB_EDGENODES, and ATTRIB_EDGES in
the data structure. This operator converts ATTRMWCENODEs and ATTRIB_EDGENODEs to
TRGLNODEs, and the TRGLEDGE with ATTRIB_EDGENODEsefided is divided into several

TRGLEDGEs. The ATTRIB_EDGES are converted to TRGIGH3. New TRGLEDGEs and TRGLFACEs are



constructed to connect edges and nodes. The driJiR&SLFACE is removed. The new constructed
TRGLFACEs must be in the same orientation and nerlapped, and the newly constructed TRGLEDGES

must not intersect with other triangles. One exangblface triangulation is shown in Fig. 5c.

" initial configuration
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edge split edge collapse edge swap

(a) edge collapseedge splitand edge swap

(b) face split

(c) face triangulation

Fig. 5 High level topological operators

4. Feature-based Model Construction

This section focuses on a hew method of modeli8B dreeform object around a 3D reference model. The
modeling method is feature-based — the construatgett is around a 3D reference model by a fedemplate;
every reference model has pre-defined featurestladeature template of the constructed surfacesedated
to the features on the reference model. The featumplate of the constructed object is conducteegenerate

the object automatically when using another refeeenodel with the same features.
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(a) feature template (b) reference models (c)ftierent shapes

Fig. 8 Different shapes of the same template on differemeference models
Feature template for freeform object models
Freeform objects can be classified in accordantie their feature-based topological structure [38] aan

be stored as different object feature templatesh Edbject feature template is represented by afgeiangular
mesh surfaces - MESHSURFACEs, which is assemblddB$HJOINTs and stored in a BODY entityf .In

a feature templat® " , the position of each vertex (which is calfedture nodeand stored by TRGLNODE) is
related to a relevant feature on a reference madthels, when we apply the same template to differefietrence
models with the same features, we obtain the trkmgneshes of different shapes (see Fig. 8).

The semantic feature curves and points of a referdeature model are first defined. In the follogvin

feature node encoding process, the relationshipdset the position of each feature node and therrfesion a
reference model are determined. After that, theoltiical graph ofB' is designed interactively. The 3D

profiles of the feature template are specified BysRetches and stored B' by ATTRIB_EDGENODES.

4.1.1 Reference model

In our approach, a reference modtlis also represented by a triangular mesh withta&ere-defined
semantic feature curves. Each semantic featureeaonsists of a sorted set of line segments lymthe mesh
surface of the reference model. The line segmeigbtmot be the topological edges on the referanodel,
they can pass through triangular faces (see Fig. Bze feature curves are stored by the ATTRIB_EDGE
attributes in our data structure (defined in sect®ol). The line segments that belong to a spesdimantic
feature curve have a common feature ID number. Eachantic feature point is an intersection pointvad

semantic feature curves, and is stored by the ABTRIODE attribute. Every semantic feature point it@ewn
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ID number. For example, in Fig. 9b, the bold liegments with ID number 13 represents the chesairieaurve
of a human model; in Fig. 9¢c, the bold line segmesith ID number 31 represents the center-frontufea
curve of a human model; and in Fig. 9d, the whidépis the feature point determined by these teatudre

curves, the ID number of the feature point is 05.

AANROA
(a)

()
Fig. 9 Feature curves and points on a referenerodel
The position and orientation of the designed featiemplate is highly dependent on the position and

distribution of the semantic feature curves andoiThus, the location of the feature curves asidtp on the
reference model is important. In other words, thayst point out the features accurately. For exajriple
chest feature curve of a human model (No.13 cunveig. 9b) were in a wrong position — upper or lowhe
final constructed 3D object would have a bad shatpine real chest position. Therefore, the feaéxaction
algorithm should be robust enough to support vanatin positioning. Since this is not a major feaf the

paper, we only implement the method represent§g8dinto get reference models with features.

4.1.2 Feature nodes encoding
As mentioned at the beginning of section 4.1, theitipn of each feature node is related to theufeston

reference modeH . The relationship is built between a feature neden the object feature template and a
feature pointg; on H, where j is the ID number of poing; . The position vectop(q;) of q; is determined
from the intersection of two feature curvefg, and f,. Since the feature poirg; lies on f; and f,, the unit
tangent vectors of feature curvés and f, atq; —t(f;) andt(f;, ), and the unit normal vector(q; df the
surface ofH at q; are well defined. The vectotgf, , J(f,), andn(q; )form a local coordinate frame as
shown in Fig. 10. The three vectors may not be an orttadgaat, but it is obvious that the scalar product
(t(fl)t(fz) n(qj))l 0. Thus, the positiorp(v; pf any vertexv; 1 V' can be represented by

p(vi) = p(q;) +a;n(a;) + bit (fy) +gt(fy). )1

12



Each vertexv; thus consists of four elementg, a;, b;,g . The encoding process, which relates one feature
nodev; T VT on the object model to a feature poq)t on the reference modél, is actually a process to
determine these four elements of vertex

Equation (1) defines the relationship between tbsitpns ofv; and q;. Another popular form used to
define the relationship between the positions efttto points is

p(v;) = p(q;) +d 2

where the position of vertey is also determined by four elemengg;d,,d,,d, . When a new reference
model HC with the same features is used, the new positiG@ach vertexv; in Fig. 10 can be easily calculated
by equation (1) or (2). As shown in Fig. 1@, (v, is)the new position determined by equation (13 ag(v;)
is the new position determined by equation (2)vds found that the orientation of the feature nadated to a

reference model is not guaranteed when using equé®i), but equation (1) strongly preserves thertation.

This is an important factor in many industrial agplions, so(j, a;, b,, g )is chosen as the four elements to

determine the position of, according to equation (1).

Fig. 10 Local frame on feature pointq; Fig. 11 New position ofv; determined

4.1.3 Build topological graph

Using interactive tools, we can define the featioeles of a feature templa®’ around the reference
model H by determining the four parameters of a featurdend\fter that, the topological graph Bf' is to be
specified. The topological graph is a collectionMESHSURFACES that are connected by MESHJOINTSs. For
example, Fig. 12a shows the topological graph mbrazmanifold object that consists of four MESHSURFZs
(in different colors). This object includes botlarst-alone faces and wireframe edges. The boldedsealg
MESHJOINTs. The topological graph can be constdiatsing interactive tools. Since our data strucisre

complex-based, the incomplete topology informatioming the construction process is easy to be dtd¥ig.

13



12b-12h shows some fragments of the constructioogss of the topological graph. In Fig. 12b, thetuee
nodes have been defined around the reference molelfeature nodes are generally outside the mefere
model, and their positions actually define the Ific@arse shape of the constructed object; so ik nodes
should be chosen very carefully. An interactivel isaused to connect the feature nodes by edgsb@an in
Fig. 12c; and Fig. 12d shows the feature templtitz areating all edges. Triangular faces can bls@reated
one by one interactively (Fig. 12e and 12f). Figf dnd 12h show the final result.

By the limitation of the shape construction thall e presented in section 4.2, the feature teragabuld
be in a good shape and orientation. Sharp anglegies are required to be prevented; triangulasfédelonging
to one MESHSURFACE should have the same orientdtien two adjacent triangles are not allowed dveh
reversed normal directions); and an asymmetrigabltogical graph will lead to an asymmetrical firtddject

even if the distribution of the feature nodes isiByetric.

(@)

(@

Fig. 12 An example of topological graph constructioprocess

(e)

4.1.4 Profile specification

After the coarse shape of the feature templatetisrtchined, 2D sketches are used to specify ther8filgs
of some triangular edges in the feature templatachvdescribe the detail shape of the construchgecd and
are interpolated in the shape construction steg. 3D profile of a triangular edge is a 3D curve sddwo
endpoints coincide with the two endpoints of thgeedn order to obtain a good shape of the constduabject,
the 3D profiles are expected to be smooth at idpeimts. Each 3D profile is represented by a list o
parameterized 3D points attached on a triangulaje.edn our implementation, the points are stored by

ATTRIB_EDGENODEs.
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Two problems arise when using a 2D stroketo specify a 3D: 1) whose profiles are specifigdyb, and
2) how to determine the positions of the 3D attdcheints byY . After solving these two problems, the 2D
stroke Y is converted to the 3D profiles attached to sodges.

For a given feature edgev; with endpointsy; andv;, it is selected by the stroke if v;v; is visible

and the distances betweerfv;), z(v; ahdY are less thae, wherez:A°®® A? is the map that sends
spatial pointv; T A3 to screen poiny; 1 A2, ande is a small tolerance value (e.g=4 pixels). In the

following, a plane is determined to project therp®y/; 1 Y to convert them into 3D poings*, 1 Y ih A3,
where Y * is a list of 3D points. When multiple feature eslgee selected, a plane that approximately passes
through the selected feature edges is conductednl{f one feature edge is selected, we use thee st

bisects the dihedral angle along the chosen edgesject the pointg/; T Y . In this way, the sketched profile
faces towards the camera as much as possible.@ftgr T Y are converted tg *; T Y i A3, we separate
them into intervals and store the points in onerivdl in its related edge. For a selected featdge g,v,,,, we

search the closest poipt* to v, in Y *, and the closest point *, to v, in Y *. Then, the points

Y *j ja, m are stored as the attached points list,w, .

(a) (b) (c) (d)
Fig. 13 Specify a profile through a 2D stroke

One example of specifying profiles through a 2Dblstris given in Fig. 13. Fig. 13a shows the feature
graph before specifying a profile at the chestrig. 13b, a 2D stroke is input; Fig. 13c shows de&rmined
projection plane; and Fig. 13d shows the result.

When re-generating the 3D object on a referenceobbyith a different shape, the positions of thetdes
nodes in the feature template are changed. We toegtift the position of the attached points onfttiengular

edges to re-generate the “new” 3D profiles. If dgesis moved fronmy,v,,, to v*, v*_, the new positions of

points Q; ;o ,.; attached to it are shifted by scaling the vecttween them and, v, . The idea is shown in
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* *

. : V¥ v ,
Fig. 14, where the vector betweéh andv,v,, is scaled b ! m| . The formulation to compute the new

[Vi Vi
positions of@; is shown below
* — |V*| V*m| * * *
p (Qi)‘W{p(Qi)' p(vi) - Ui[p(Vm)' p(v; )} +p(v*)+ul(p(v m) - pv*))] 3)
1'Vm

whereu; is the parameter defined by the lengths of lirrsents [42].

(V) +u;[p(vin) + p(v)] POv*) +u [p(v* ) + PV )]
p(v) p(v*)
pPV* )
P(Vin)
p*(Q)
p(Q)
P(Q)- P() - W[p(vi) - P(Y)] V(6@ - pn) - [t - P4}
1'Vm
(a) before moving (b) after moving

Fig. 14 Shift a 3D profile

Shape construction

In this section, triangular mesh surfaces are cocigtd from the feature template interpolatingféature
nodes and 3D profiles by applying a modified véoig! subdivision scheme. The feature templatecigadly
assembled coarse triangular mesh surfaces with sogolating curves (3D profiles). The basic iddaa
variational subdivision scheme is to iterativelypbpa topological splitting operator to introducewnvertices to
increase the degrees of freedom, followed by aelisdairing operator to increase the overall simoess [37].
In our approach, the scheme is modified to consmmesh surfaces that interpolate not only theahitertices
but also the specified profiles. The topologicditspg operator inserts new control vertices itible mesh. The
split operation is chosen to be uniform so thattadlnew vertices are regular (valance is equé| & shown in

Fig. 15a). The position of the inserted new verte, which lies on the edge.v,, is determined by
p(v*) =%(p(vs)+ p(v.)) if there is no profile specified ownyv,; or by p(v*) =c(%) if there is a profile
specified onvyv,, wherec(u) is the parametric curve that represents the prafilape. We also dividg(u)

into two partsc; (u) and c,(u) at c(%), and attachc; (u) and c,(u) to the newly created edges from
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splitting (in Fig. 15b,c;; (u) and c,,(u) are fromce;(u), and c,; (u) and c,,(u) are fromce,(u) ). The

smoothing operator moves the control vertices atiogrto the weighted averages of neighboring vestid he
positions of vertices in the refined mesh are ckdrtg achieve a global energy functional minimaatiHere,
we implement the " order umbrella operator as an iterative solvethefproblem. As mentioned by Kobblet
[37], since each update step only computes a lim@enbination of nearby vertices, the computational
complexity is linear if the number of umbrella @dons is bounded (in fact, a constant number)prtter to
guarantee that the resultant fine mesh interpota®riginally given vertices, the umbrella operanust not
be applied to those vertices that already belorthednitial mesh. Also in order to guarantee tihat resultant
fine mesh interpolates the 3D profiles, the umbrelberator must not update the positions of thécesr lying

on the profiles. The vertices whose positions cangrlated are called free vertices (rounded wiitkes in Fig.
15), and the vertices whose positions cannot bategdare called fixed vertices (rectangular gragesan Fig.

15).

Cip (L)
G (u)
¢ (U)
Cor (U)
Cy(u)
Can (1)

(a) without profile interpolation (b) with profile interpolation
Fig. 15 Subdivision

Since the umbrella operator can only be appliethéovertices within the same mesh surface, in otoler
maintain the connection in the assembled meshsgfahe position of vertices on a MESHJOINT nmegtbe
updated. By following this rule, the modified vdigemal subdivision scheme can be applied to each
MESHSURFACE individually to obtain the refined mestwrfaces interpolating the nodes and profiles in a
feature template.

The mesh surfaces are constructed around a 3Denefermodel, so it is likely that collision betwetbe
constructed detail mesh surface and the referebgetomay occur during the surface constructiorcedore
(e.g., the object in Fig. 16b is constructed frdra feature template in Fig. 16a without collisicgtettion).
Here, the voxel-based collision detection schend} i8integrated to prevent collision between tbastructed
surface and the reference object. First of allvthele detection space is uniformly subdivided isiaall voxel
spaces. After the topological split operator irs@dw vertices, using the coordinate of the newexdo find a
corresponding voxel space, the triangular facaténvoxel space are used to detect whether thevéeex is

inside the reference object. If a vertex is inglue reference object, pull it to the outside spafcthe reference
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object along the discrete surface normal directibthe free vertex. In the discrete fairing operatiif the 2°
umbrella-operator pulls a vertex from the outsigace of the reference object to the inside spacthef
reference object, the update is prevented. To ltanore accurate result, the position updatevefitex in the
2" umbrella operator is subdivided into several stepsl the update is performed in steps while detgthe
collision between the updated vertex and the rateranodel. The object construction result with ismh

detection is shown in Fig. 16c.

(a) feature template (b) collision occurs (c) finatesult

Fig. 16 Collision avoidance
5. Experimental Results

The shape construction method applies the modifiadational subdivision scheme to individual
MESHSURFACEs to generate the final shape. Thuaddsessed by Hubeli and Gross in [6], differenet/pf
the connecting configuration lead to different ifaegr results. In our approach, different shapes ban
constructed by different defined MESHJOINTs. Tharaples shown in Fig. 17 demonstrate this flexipitif
modeling different shapes.

With the same wireframe and the same profiles efféature template (Fig. 17a and17b), four differen
final shapes are generated by different connectimfigurations. In example | (Fig. 17c and 17d§ tloundary
edges of the five mesh surfaces are connected eyMIESHJOINT, the connecting order of the five mesh
surfaces is M1, M2, M3, M4 and M5. In example lligfF17e and 17f), the MESHEDGE of surface M2
connected by the MESHJOINT is an inner edge wtigdther three edges of M1, M3 and M4 are boundary
edges. Two inner edges and one boundary edge mnected by one MESHJOINT in example Il (Fig. 1Tgla
17h). If more complex results were expected, twmore MESHJOINTS can be used — as shown in exalvple
(Fig. 17i and 17j), one MESHJOINT connects the lolaup edge of M1 and the inner edge of M2, and aoth

MESHJOINT connects the inner edge of M2 and therimige of M3.
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(a) the same wireframe

(c) example |

(e) example 1l

(g) example 1l

(i) example IV

(b) the same profiles

(d) illustration of example I: one MESHJOINT connecting
five MESHSURFACEs in order — M1, M2, M3, M4, M5

(f) illustration of example Il: oneMESHJOINT connecting
four MESHSURFACEsS in order — M1, M2, M3, M4

(h) illustration of example Ill: one MESHJOINT connecting
three MESHSURFACEsS in order — M1, M2, M3

(h) illustration of example 1V: two MESHJOINTSs defined —
one connecting M1 and M2, and another connecting Mand
M3

Fig. 17 The flexibility of modeling different slapes around a MESHJOINT
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(a) raw data of H; (b) H; with features (©) B onH, (d) M, from B/

(e) raw data of H, (f) H, with features (9) B on H, (h) M, from B}

(i) 2D patterns of M, from H; (j) 2D patterns of M, from H,

Fig. 18 Application in the apparel industry
The technique presented in this paper can be wigg in many industrial applications (e.g., thpaapl
industry, the toy industry and the shoe industfgyr. example, in the apparel industry, after ushegtechnique

presented in [34] to generate the feature humareidd by the raw data that is output from a laser scanne
(Fig. 18a and 18b), the approach presented irptper is applied to build the feature templEﬁe of a piece of

cloth onH; (Fig. 18c). After the final shapk!, of Blf is constructed (Fig. 18d), it can be flattened i2D

patterns for manufacturing (Fig. 18i). When we regate the piece of cloth on another human meétel(Fig.
18e and 18f), after computing the new positiorheffeature nodes and 3D profilesBrj , the new shape of the

feature templat££ is determined (Fig. 18g). In the same way, we aamstruct its 3D final shap&/, (Fig.

18h) and its related 2D patterns (Fig. 18j). Obsiputhe technique presented in this paper is hetpful to

any industrial applications that attempt to autocadly regenerate the 3D designed freeform objectshe
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reference models with the same features but diffesbapes. In other words, to implement the autiemat

customization.

6. Conclusion

This paper presents a novel feature-based appfoaofodeling a 3D non-manifold freeform model ardun
a 3D reference model. A new topological data stmects first defined with a set of operators. Basedhe data
structure and the operators, we developed the igpodario construct 3D freeform objects around arezfee
model. Finally, an application of our techniquetie apparel industry is given to demonstrate timetfanality
of our approach. In summary, our method has theviihg advantages:

A new modeling method for 3D freeform objects ivaleped — the method is feature based, so the
surfaces derived from one reference model can gensrated automatically on another reference
model with the same features;

The geometry coverage of our modeling approachided both manifold and non-manifold objects;
Our non-manifold data structure embodies the foneti vitalities of both the boundary data structure
and the complex-based data structure, so incompigpelogical information and the design
abstractions can be easily stored; along with tita dtructure, a set of topological operators fmr-n
manifold triangular mesh is developed;

Intuitive 2D sketches are conducted to specify db&il shape of the constructed surfaces on the
feature template of the designed 3D object.

While constructing the interpolating surface frdm bbject template with the profiles specified, ounrent
implementation conducts the uniform subdivision esnk, which leads to the non-uniform distribution of
triangle density on the mesh surface. It is betletl@at an adaptive subdivision scheme can imprbgenbn-
uniform distribution of triangles. The fairing opgor used in this paper can be applied only to mvemifold
mesh surfaces. One possible further researchdsrtsider a “volume-based” method to obtain a mienelile

fairing result across the joints of mesh surfaces.
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Appendix |  Entities

The data structure of entities is written in pseodde as follows.

Whole body
BODY {
Int indexNo;
Double box([6]; /I Bounding box of this BODY
FLAGS flg; Il Status flags
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MESHSURFACE
MESHJOINT

3
Mesh surface

MESHSURFACE {
Int
Double
FLAGS
MESHLOOP
MESHEDGE
TRGLFACE
TRGLEDGE
TRGLNODE
ATTRIB_EDGE

3

Joint of mesh surfaces

MESHJOINT {
Int
FLAGS
FLAGS
MESHEDGE

h
Loop of mesh surface

MESHLOOP {
Int
FLAGS
MESHEDGE
MESHSURFACE

I3
Edge of mesh surface

MESHEDGE {
Int
FLAGS
FLAGS
TRGLEDGE
MESHSURFACE
MESHLOOP
MESHJOINT

3

Triangular Face

TRGLFACE {
Int
FLAGS
FLAGS
Float
TRGLEDGE
MESHSURFACE

*meshsurface_list;

*meshjoint_list;

indexNo;

box[6];

flg;
*meshloop_list;
*meshedge_list;
**trglface_list;
**trgledge_list;
**trginode_list;
**attr_edge_list;

indexNo;

flg;

*dirFlg;
*meshedge_list;

indexNo;

flg;
*meshedge_list;
*mesh_surface;

indexNo;

flg;

*dirFlag;
**trgledge_list;
*mesh_surface;
*mesh_loop;
*mesh_joint;

indexNo;

flg;

dirFlg[3];
abcd[4];
*trgl_edge[3];
*mesh_surface;

ATTRIB_FACENODE **attr_node;

3

Edge of triangular face

25

/ MESHSURAFCEH$ lis
/I MESHJOINT list

// Bounding box of this mesh surface

/I Status flags
/I MESHLOORPs list
/I MESHEDGESs list
/| TRGLFACEs list
/| TRGLEDGES list
/| TRGLNODES list
// ATTRIB_EDGE:sS list

Il Status flags
// Direction flags of MESHEDGESs
/I MESHEDGES (clockwiseer)

/I Status flags
/I MESHEDGEsS list
/[l MESHSURFACE contdiis loop

Il Status flags
// Direction flags of TRGLEDGES
/l TRGLEDGES list
/I Surface containsrttésh edge
Il Loop contains this mesheadg
// Joint contains this mesige

/I Status flags
/I Direction flags of edges
/I Plane equation of this triangle
/I Edges of this triangle
/I Surface containsttiasgle
/I ATTRIB_FACENODESssi



TRGLEDGE {

Int indexNo;
FLAGS flg; Il Status flags
TRGLNODE *trgl_nodel[2]; // Nodes of this edge
MESHSURFACE *mesh_surface; /I Surface contain ¢lige
TRGLFACE *trgl_face[2]; /I Left and right TRGLFACESs
ATTRIB_EDGENODE **attr_node; /l ATTRIB_EDGENODESssli
I3
Node of triangular face
TRGLNODE {
Int indexNo;
FLAGS flg; Il Status flags
Double p_3d[3]; /I Spatial position
Double p_3d_backup[3]; /I Backup of spatial positio
Double p_2d[3]; /I Planar position
MESHSURFACE *mesh_surface; I/l Surface contain oide
TRGLFACE **rglface_list; /I Adjacent TRGLFACEs tis
TRGLEDGE **trgledge_list; /I Adjacent TRGLNODEs is
I3

Appendix Il Attributes

The data structure of attributes is written in pkeoode as follows.

ATTRIB_NODE
ATTRIB_NODE {
FLAGS flg; /I Status flags
ATTRIB_EDGE *attr_edge; /I ATTRIB_EDGES containghode
3
ATTRIB_EDGE
ATTRIB_EDGE {
FLAGS flg; Il Status flags
MESHSURFACE *mesh_surface; I/l Surface contain ¢lige
ATTRIB_NODE **attr_node; /l Pointer of ATTRIB_NODHst
I3

ATTRIB_EDGENODE
ATTRIB_EDGENODE : public ATTRIB_NODE {

Double u; /I Parameter coordinate of this node
Double p_3d[3]; /I Spatial position
TRGLEDGE *trgl_edge; /l TRGLEDGE contain this node

3

ATTRIB_FACENODE
ATTRIB_FACENODE : public ATTRIB_NODE {

Double u, Vv, w, /I Areal coordinate of this node
Double p_3d[3]; /I Spatial position
TRGLFACE *trgl_face; Il TRGLFACE contain this node
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Appendix Il Extended Euler Operators

The eight extended Euler operators are listed l€TA-1 and Fig. A-1. Reverse operators are endlase

brackets, an€holedenotes a hole in a complex.

makelKkill]_vertex complex Makel[kill]_face_killmake]_Chole
Makelkill]_vertex_edge makel[kill]_vertex_ring
make[killl_edge_Chole make[kill]_edge_killlmake]_ring
make[kill]_edge_kill[make] complex splitfmerge]_edge

Fig. A-1 Extended Euler operators

Table A-1 Function Description of Extended EulelOperators

Operator

Function of operator

makel[kill]_vertex_complex

makel[kill]_vertex_edge

makel[kill_edge_Chole

Create a single vertex complex

Create a vertex and an edge connecting to aredxigtrtex (the
operator can be carried out freely or inside a)face

Connect two vertex by a new edge to form a hoke ¢complex

makel[kill]_edge_killlmake]_complex Connect two vertex complexes by a new edge (sheéwvo complexes

makel[kill]_face_killlmake]_Chole
makel[Kkill]_vertex _ring

make[kill]_edge_killlmake]_ring

Splitfmerge]_edge

are connected, one complex should be removed)
Create a new face on a complex hole and removiedliee
Create a stand-alone vertex on a face (the suggtex forms a ring)

Connect two stand-alone vertices by a new edgefane (two rings are
merged into one ring, thus one ring should be rexdpv

Split one edge into two edges by adding a new xentethe original
edge
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