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1 Introduction sheets and wirefram¢41]. In addition, a thin-walled solid model

As a key element in CAD/CAM applications, geometric mod<2" be generated efficiently by sheet modeling and offsetiap

eling systems have evolved to increase their representation doThe research concerned with the foundation of non-manifold
mains from wireframes, to surfaces, to solids, and finally to nomaodeling systems can be categorized into three groups: the design
manifold objects. Unlike previous geometric modellers, the nowf topological representation schemes, the specification of a set of
manifold modeler allows any combination of wireframe, surfacgrimitive topological operators, and the implementation of various
solid, and cellular models to be represented and manipulated ifigh-level modeling capabilities like sweeping or Boolean opera-
unified topological representation. This characteristic providéi@ns. In the area of the design of topological representation
many advantages over conventional models as follows: schemes, several data structures such as the radial edge structure
and the vertex-based representation have been suggested so far.

* The non-manifold model can provide an integrated envirorFhese representations mainly focus on describing the sufficient
ment for the product development process, as the non-manifeldjacency relationships between topological entities in a non-
topological representation can represent different models requikg@nifold model without considering the storage size. As a result,
in various stages of product development: conceptual design, fiaéthough they are quite efficient for topological queries, they are
design, analysis, and manufactifieZ]. For instance, it handles so redundant and complicated that the models occupy too much
abstracted models for conceptual design, mixed dimensiorsbrage space. The storage requirement can be a critical problem,
shapes for intermediate design steps, solid models for final desigarticularly for models in which topological data storage is more
mesh models on abstracted part shape for engineering analykiminant than geometric data, such as tessellated or mesh models.
[3,4], offset polyhedral models for tool path generation, and so oRor example, a cellular model composed of one million cubical

 Boolean operations are closed in the representation domaincefls requires more than 1 GB of storage only for its topological
non-manifold models, unlike solid modeJ§—7]. The resultant data if it is represented in the radial edge structure. Therefore, it is
shape of Boolean operations can be stored in a merged set, whilesirable to devise a new representation scheme that is more com-
contains not only the final Boolean result, but also a compleR#ct, but as efficient as the existing schemes.
description of the input primitives, all of the intersections between To fulfil this requirement, in this paper, we propose a compact
them, and historical informatiof5,8,9). By using this merged set, &S Well as fast non-manifold boundary representation, called the
B- rep models can be reshaped independently of their constructRAftial entity structure(PES. This representation allows the re-
Boolean sequence®], and a feature-based modeler based dction of storage to approximately half that of the radial edge
B-rep can be easily implementé@, 10]. structure, whlle_stlll aII_owmg full topolo_gl_cal adjacency relatlor_l-

« Traditional solid modeling functions such as sweeping arﬁf'p? to be derived without loss of efficiency. In order to verify
offsetting operations can be applied to different dimensional ofliS Improvement, the time and storage efficiency of the partial
jects. For instance, a sheet model is generated by sweeping VEpdity structure are investigated and compared with those of ex-
edges, a solid model is generated by sweeping a sheet model, 'QHH? schemes.

. . . : . : e rest of this paper is organized as follows: Section 2 de-
a mixed dimensional model is generated by sweeping a m'Xturescf:fribes the previous work on non-manifold data structures. Sec-

Commibuted by the C tor Aided Product Developm@aPD) C " tion 3 represents an approach to measure the time and storage
ontripute y the Computer Aide roduc evelop ommittee e H

for publication in the QURNAL OF COMPUTING AND INFORMATION SCIENCE IN effl_C|ency of a data structure, and _our method to deSIQn. a more
ENGINEERING. Manuscript received Aug. 2001; revised manuscript received No@pt!mal data strpcture bas_ed on t.h_IS measurement- Section 4 de-
2001. Associate Editor: D. Anderson, K. Lee. scribes the partial topological entities that are introduced to rep-
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resent non- manifold conditions in a storage-efficient way. Sectitinat has more than three dimensions or incomplete boundaries.
5 shows the schematic diagram and the € implementation of Since the data structure of the SGC is based on a simple incidence
our data structure. Sections 6 and 7 analyze and compare the tgreph that has no ordering information unlike the data structures

and storage complexity of our structure with those of other existaentioned above, it does not enable easy computation of certain
ing structures, especially the radial edge structure. Section 8 pireportant properties(orientability, for instancg although the

sents our conclusions. topological information contained in this type of model is suffi-
cient[16].
2 Related Work Lee and Lee suggested that the half-edge data structure for solid

modelling can be extended to accommodate non-manifold geo-
The first significant work on the non-manifold B-rep was cametric models in storage efficient way by introducing auxiliary
ried out by Weile7]. Weiler proposed an edge-based data strugspological entities like partial entitigd7]. However, they did not
ture called the radial edge structufRES). In order to represent show how much it is efficient in inquiring topological information
the adjacency relationships under non-manifold conditions at veind how much it is efficient in storing typical non-manifold mod-
tices, edges, and faces, he introduced the topological entities, sef) They dealt with these issues on their recent conference publi-
as face-use, loop-use, edge-use, and vertex-use, which are asgegien[18], in which the concept of the partial entities is clearly
ated with the face, loop, edge, and vertex entities, respectively.dsfined and explained in more detail with comparison of other
virtue of theseuseentities, each region has its complete descrigimilar topological entities. In addition, the methods to measure
tion of its boundaries, just like a solid model in a solid boundarghe time and storage efficiency of non-manifold data structure are
representation. Furthermore, in addition to a cyclic list of theuggested and applied to the existing structures as well as the PES
edge-uses in a loop, a cyclic list of the face-uses adjacent to w@nverify the storage and time efficiency of the PES. This paper is
edge is stored in the RES. According to Yamaguchi and Kimugg extended and revised version of Referdrids.
[13], the ordering information of vertices and edges within a face On the other hand, several works have defined topological rep-
is called aloop cycle the ordering of faces and regions about aresentations for subdivided n-manifolds. Brisson defines the ‘cell-
edge is aadial cycle and the ordering of edges and faces abouttaple structure’ to represent the incidence and ordering informa-
vertex is adisk cycle Therefore, the RES represents explicitly thejon in a subdivided n-manifolfi19]. Lienhardt defines the ‘n-G-
radial and loop cycles. In non-manifold modeling, by using thenap’ and the ‘n-map’, based on combinatorial mdps,20.
radial cycle information, a face-use can propagate to the incideénsen and Christensen proposed a hierarchical ‘split-element’
face-uses over the edge-uses to form a shell bounding a closegresentation called the hyper-data structi#g]. These data
region. However, in the RES, it is impossible to form a correditructures include the ‘quad-edge’ data structure of Guibas and
shell using only topological data when a non-manifold vertex hastolfi [22] and the ‘facet-edge’ data structure of Dobkin and Las-
to be traversed. This is because the RES does not keep any gig{23] as special cases in dimensiadhgnd 3, respectively.
nificant inclusion relationships between the incident two-manifold
surfaces to a non-manifold vertex. A vertex adjacent to two or
more two-manifold surfaces or wire edges is a typical nons . .
manifold vertex. Although Weiler had aI?eady reco)g/;r)]ized th% Design Strategy for Optimal Data Structure
problem, he determined not to keep this information in the RES The efficiency and the storage of a data structure have a trade-
because it costs too much to maintain such information at eaaffi relationship, and the optimality of the data structure depends
topology manipulation. Instead, he adopted a method in which tba its application. Woo pioneered the analytic measures for ana-
system extracts this information using both geometric and toplyzing the performance of solid boundary representatid¥.
logical data whenever necessary. The optimal data structure for a general or specific set of applica-
To overcome this drawback of the RES, Choi proposed thi®ns can be constructed on the basis of his measures. When con-
Vertex-based Boundary Representati®BR), in which the zone sidering the solid boundary representation whose topological en-
and disk entities are introduced to represent the inclusive relatidities are vertices, edges, and faces, there are over 500 data
ships between the local regions at a veiftgx4]. In addition to structure schemata. The schemata are categorized into eight stor-
the loop and radial cycles, the disk cycle is represented explicithge classes according to the number of adjacency relations to be
in the VBR. Thus, the VBR provides sufficient information forstored. The storage complexity of a data structure is measured
forming shells when a new region is created by adding a new faeesing counting formulas, and the time complexity of a data struc-
However, Weiler’s decision to derive such information using gedure is measured using a set of primitive queries and update rou-
metric data whenever necessary would be more rational fromtiaes. The schemata form a storage-time curve in the shape of the
practical viewpoint, because the zone and disk information is nietter ‘L’ as illustrated in Fig. 4 of Referenc4]. A globally
frequently used in the normal geometric modeling process, angtimal data structure must be as near the origin of the L-curve as
maintaining such information at every topology manipulation inpossible. If one wants to design a faster data structure for a spe-
curs a very high cost. cific set of applications, they should investigate the frequency of
Yamaguchi and Kimura introduced six coupling entities to regepological queries first, and then store the adjacency relations in
resent the neighbourhoods and boundaries of basic topologioadler of frequency. By applying these measures, it was discovered
entities, and suggested a data structure based on the couplingteat the winged edge data structyigs] is very close to the glo-
tities [13]. This representation also contains the three cycles mdrally optimal data structure. Furthermore, Woo claimed that a new
tioned above, and has the capability of providing as much topdata structure that has a lower storage requirement and a faster
logical information as the VBR. However, the resulting datéime than the winged edge structure was found, and named it the
structure appears equivalent to the VBR because they introdussanmetric data structure. The symmetric data structure belongs to
the feather, which is not a coupling entity and has the same rolethe storage class which stores four relations out of nine, so called
the cusp in the VBR, and excluded several coupling entities suttte ,C, storage class, and is the fastest and the optimal structure in
as fans, blades, and wedges. For convenience, we will call thiigs class. The symmetric data structure storesg; E—V, V—E,
structure the Coupling Entity Structuf€ES in the rest of this and E-F relations. Here, S, F, L, E, and V denote shells, faces,
paper. loops, edges, and vertices, respectively. If the symmetric data
Rossignac and O’Conner proposed the Selective Geometsicucture includes loops and shells, it can be extended to store
Complexes(SGQ, which are composed of finite collections ofS—F, F—S, F—L, L—F, L—E, E-L, E-YV, and V—E relations.
mutually disjoint cell§15]. The cells are open connected subsetdowever, we need to pay attention to the fact that the symmetric
of n-dimensional manifolds that are generalized concepts of velata structure is a sort of incidence graph, whereas the winged-
tices, edges, faces, and regions. The SGC can represent an olgdge structure represents ordered topological models.
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Fig. 1 Regions and their boundaries in a cellular model repre- Fig. 2 The basic idea of our representation: representing the
sented in the radial edge structure  (RES) frame of a model rather than its volumes

To date we are unaware of any reported research work for fi

ing an optimal data structurgyr rign-manifold models, Howev e to the trade-off relationship between the time and the storage

the analytic measures proposed by Woo are also effective in n&?—. . f a data struct
manifold data structure design. Currently, the RES is used wide?);'c'en.cy of a data structure. . .
In this paper, we introduce new topological entities for repre-

r rchers for non-manifold modeling and it lications. . . o S -
by researchers for non-manifold modeling and its applicatio ésentmg the non-manifold conditions in time- and storage-efficient

Not only commercial modellers such as SMLib of Solid Model* d desi data structure based on th tities. |
ling Solutions[26], but also academic modellers researching varfy&yS, and design a néw data structureé based on these entiies. In

ous non-manifold applications have adopted the RES as their ?cg_dition, to verify the compactness and the time efficiency of our

pological framework3,27]. However, it is also true that there hag €Presentation, the storage and the time complexity of our repre-

been little analytic rationalization of its time and storage effisentation and the RES are derived and compared with each other.

ciency by its users. . -
In non-manifold models, there are six basic topological entitieé: Topological Entities

R, S, F, L, E, and V, and thus, 36 adjacency relationships may beThe cell complex embedded E® is widely adopted as a suit-

represented in the data structure. Here, R denotes regions. Todlale mathematical model f@&D non-manifold object$9,23,29.

cilitate the comparison between the symmetric data structure anige cell complex ofE? is a finite collection of0-, 1-, 2-, and

the RES, let us consider only the adjacency relationships amaoggells: theO-cell is equivalent to a vertex, thkecell to an edge,

R, F, E, and V. Then, the RES stores basically six relationships aht 2-cell to a face, and tha-cell to a region. Mathematically, an

of 16: R—F, F—R, F—E, E=F, E-V, and V—E. If a region is n-cell is defined as a bounded subseEdfthat is homeomorphic

not bounded by any wireframe, the RES describes the boundatig@snn-dimensional open sphere, and whose boundary consists of

of a region, just as the symmetric data structure describes Weinite number of lower dimensional cells. A cell complexEg¥

boundaries of a solid. Thus, we can conjecture that the RES is {8€; finite collectionK of cells of E", K=U{a:aisacel} such

fastest data structure in thgCq storage class to which it belongs,ihat i o and g8 are two different cells irk, then ang=. The

because a_nor)-manifo_ld model is compos_ed of a set of regioggn complex of E® is accepted as a topological model of our

each of which is described by the symmetric data structure thz“tré'i)resentation, and it is intuitively a mixture of wireframes, sur-

therastest ir;hits ?torage ‘;f'f’ﬁs- fthe RES  be said to [2Ses: and solids, which we wish to describe.
owever, the storage efriciency ot the cannot be said 10 bérp e topological entities in our boundary representation are clas-

optimal. As illustrated in Fig. 1, in the RES, each region of Qigiaq into two large groups: the primary and the secondary enti-
non-manifold model has its complete description of its boundarigsg the primary topological entities consist@®fto 3-cells (i.e.
just like a solid B-rep model. As a result, the boundaries of e '

. PR - . : ertex, edge, face, and re nd their bounding elementse.,
gions are stored twice in different orientations. Therefore, if w 9 goa 9 ¢

. op and shejl They are used commonly &D boundary repre-
reduce the redundancy of the RES as much as possible W@ tations, and their definitions are identical to those of the exist-

preserving the time efficiency of the RES, we can achieve a oy representations such as the RES, the VBR, or the CES. The
palgt as \g_ell ash tlme-efflmedntd(_:ialza_ sftructur_e. he RES d szcondary topological entities are the partial fgadace, partial

. leo?arhllng. tf € zone aén ISk information, the  does rr]‘é) ge (p-edge, and partial vertexp-vertey. Together, they are
Include this information because it Is expensive to maintain thisyje partial topological entitiesor partial entities They are in-

!nformat!on at every primitive topological operation V.Vh”e thIStroduced to represent adjacency relationships among the primary
information is rarely used in actual geometric modelling opergsyities The p-face is used to represent the non-manifold condi-
tions. Instead, it is driven from the topology and geometry dal

L P ; n where a face is adjacent to two regions as shown in k&. 3
whenever necessary. If this information is omitted, both the VBig,o . is intr for the non-manifol ndition wher
and the CES are equivalent to the RES. e p-edge is introduced for the no anifold condition where

) h . ore than two faces are connected to an edge as illustrated in Fig.
The goal of this paper is to construct a new non-manifol

bound tation that ; | ¢ than the R ). The p-vertex is for the non-manifold case where more than
?]‘.Jln at'r|)|/ rtlalpr(a_senfa”lct)n Ia _rec|1u|:jgs ess s olratge h"?m teb two-manifold surfaces are connected to a vertex as shown in
while still afiowing full topological adjacency refationsnips to q:ig. 3(c). Now we will explain the partial entities along with the
derived with the same time efficiency as the RES. In addition, the: . : :
- ! ) S imary entities in the following sections.
ordering information of the RES is also maintained by our new
representation. 4.1 Partial Faces. In our representation, a model is the
To achieve this goal, we made a new idea that our new repi@aghest level of topological entity that can be an object of manipu-
sentation focuses on the frame of the model, not volumes, unlikgion in the non-manifold modeller. A model is composed of one
the RES, as illustrated in Fig. 2. Here, if the boundary informatioor more regions: one infinite open region and zero or more finite
of a region is necessary, it is derived from the faces of the francbosed regions. For example, the box with an inner partition
considering the direction to the region. Therefore, we can expettown in Fig. 8a) is represented by a non-manifold model with

at its storage size will be reduced to about half that of RES.
dowever, a not a little drop in time efficiency may not be avoided
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shell. In that case, an unoriented p-face is included for the consis-
‘ tency of the data structure. The+& implementation of such
| \/ exceptional cases is illustrated in more detail in Section 5.
———f——t ' The concept of the p-face is similar to the face-use of the RES,
S the wall of the VBR, and the side of the CES. When comparing
< . the p-face with the face-use, however, there is an important dis-

tinction between two topological entities. As illustrated in Fig. 5,
(@) ) ©) the face-use has its own bo_undaries in the forr_n of loop-uses,
: whereas the p-face does not include any boundaries. The faces of
Fig. 3 Typical non-manifold conditions  (a) a face with two in- the RES, the VBR, and the CES hav_e no dat_a for their boundaries,
cident regions; (b) an edge with three incident faces;  (c) aver- Whereas the face of our representation has its own boundary data.
tex with two incident two-manifold surfaces Because the boundaries of a face-use are coincident with those of
its mating face-use, except the orientation, one of them is redun-
dant. This argument is also effective for both the VBR and the
o . . CES, because the wall and the side are designed in the same
three regions. in infinite e_xternal reg_mb _and two clpsgd ”.“er' manner with the face-use of the RES. However, in our represen-
Ewaellt;?iglffrilllstiil rzn?oﬁzfr?)?n”zlaftererge? Ignzlgénzlét{r?bﬁltseuigg;?; 2t tion, the boundary information of a p-face is derived from the
to each region I?is set amlid for ;fﬁled région and/oid for ang # undary of the_corresp_ondlng face considering the orientation of
empty region .The region is bounded by the c;riented boundari the p- face. By_lntroducmg the_ p-face, the total storage usage of
known as thé shells. A region has a single peripheral shell a%) r representation becomes slightly less than half of the RES.
zero or more void shells. In Fig. 4, is the virtual peripheral th A'Entﬁtherfblg dlstlngtlon bet\(v?eg th_tehp-fattce ?nd ;he fage;usle IS
ST ) : . at the p-face can be associated with not only a face, but also a
s%healllrgft:]hee ér;f::gaee;g?fh'ﬁﬁ s ?,61? 'Saﬁ (;/ (F)\,'d Srlgil;)ggﬁ/éﬁ?qr%eaggr- wire e_dge or an isolated vertex in a region, Wherea_s the face-use is
mal of a shell is directed to thvle inside2 lof the region as iIIustrate%ISSOC'ated with only a face. I_:urthermore, a she_II in the RE.S can
in Fig. 4. However, if a single vertex or wireframe edges ar'@CTIUde only one O.f the foIIowm_g mutually exclusive _alternatlves:
associated with the, shell, those portions are not oriented exc&JlSt of face-uses ina shell, a list of edge_-u_ses_for wire edges, and
tionally. ' a'vertex-use for a single-vertex sh_eII. This |mp|_|es that the bour_1d-
ary of a region composed of a mixture of lamina faces and wire

In a non-manifold model, a face bounds two incident region§, . - ;
and thus each side of a face should be a part of the boundaryegges cannot be represented directly by a single shell. In this case,

each region. To meet this requirement, we split a face into two gyo She”S for the faces and the wire ques should represent such
faces. Then, p-faces gather to compose a shell. This is similar gegion boundary. On the contrary, In our representation, any
having two half edges for each edge to specify the boundary o xture of lamina faces and wire edges is directly represented by
face in the half edge data structure for solid objei@§]. As a single shell, because the p-face represents not only the use of a

shown in Fig. Ba), a p-face is usually one side of the corresponcff"ce' but also the use of a wire edge or an isolated vertex by a

ing face. The normal of a p-face is directed to the inside of tH&9'1ON-
region as illustrated in Figs. 4 and 5. However, there are excep4.2 Partial Edges. The face is a surface bounded by a
tions when an isolated vertex or wireframe edges are included |%|ﬁg|e peripheral loop and zero or more hole loops. The loop is a
connected and oriented boundary of a face, and its orientation
follows the right-hand rule with respect to the normal of the face
----------- geometry in our representation. Loops are classified into two
So. Ro T types: peripheral and hole loops. The peripheral loop is the outer
s t boundary of a face, whereas the hole loop is the inner boundary.
,' — — \ The peripheral loop has a counter-clockwise direction with respect
4 i L i l Y to the normal of the face geometry whereas the hole loop has a
i clockwise direction. If an isolated vertex exists in a face, an un-
oriented hole loop is assigned to the vertex. An edge is a bounded
1 1 / and open curve that does not include its end points. In our repre-
S / sentation, the edge is bounded by two p-vertices.
% l ~ In a non-manifold model, an edge is adjacent to an arbitrary
S et number of faces, whereas it always neighbors two faces in a two-
_______________________ manifold model. Since an edge should serve as the boundary of
the incident faces, we split an edge into as many p-edges as inci-
Fig. 4 Examples of regions and shells in a non-manifold dent faces. For instance, the p-edges in the non-manifold sheet
model model shown in Fig. ®) are illustrated in Fig. @&). Here, the
edgeE;, is split into three p-edgeBE,, PE,, andPE;, for the
three faced-,, F,, andF3, respectively.

A p-edge is a component of a loop. A loop has a cyclic list of
p-edges. In normal cases, a p-edge has an edge pointer and an
orientation flag with respect to the edge geometry. As illustrated in
Fig. 6(a), the direction of a p-edge follows that of the correspond-
ing loop, and its orientation flag is set accordingly. In this manner,
the loop cycle is directly represented in our representation. In the
case of a single-vertex loop, the p-edge is unoriented and points to
the isolated p-vertex instead of an edge. This special case is illus-
trated with a schematic diagram in Section 5.

(a) (b) Along with the loop cycle, in our representation, the radial
cycle of loops around an edge is represented by a cyclic list of the
Fig. 5 Example of partial faces and face-uses: (&) two partial ~ p-edges around the edge. As illustrated in Figh)6the p-edges
faces for a face; (b) two face-uses for a face around an edge are ordered following the right-hand rule with

-
-

t
R
1
t
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sentation. The discussion about Parasolid can be covered in the
same manner, as the fin of Parasolid is equivalent to the co-edge
of ACIS.

PROOF COPY 011104CIS
4.3 Partial Vertices. In a non-manifold model, a vertex can
be adjacent to an arbitrary number of two-manifold surfaces. Note
that a two-manifold surface is formed by a group of connected
E faces, and a wire edge can be dealt with as a degenerate case of a
surface. We introduce the p-vertex in order to handle such a non-
A manifold condition at a vertex. Readers may imagine that the
p-vertices for a vertex are formed by splitting the vertex into as
(a) (b) many pieces as the adjacent surfaces. As illustrated in Fig. 7, each
p-vertex is a linkage to a surface or a wire edge. While the two-
Fig. 6 Partial edges in loops and edges: (a) partial edges or- manifold vertex is associated with only one p-vertex, a non-
dered in the corresponding loop;  (b) partial edges ordered in manifold vertex can be associated with more than one p-vertex.
the corresponding edge In the G+ + implementation of our data structure, the p-vertex
class has two record fields: one is the pointer to the parent vertex,
and the other is the pointer to an edge associated with a two-
respect to the direction of the edge geometry. In order to facilitateanifold surface or a wire edge. However, if an isolated vertex
the search of p-edges in the reverse direction, the p-edges offarms a loop, that is, in the case of a single-vertex loop, the
edge are stored using a doubly linked list. This radial cycle infop-vertex points to the single p-edge of the loop instead of an edge.
mation is very useful for searching for a group of p-faces forminghis exceptional case is represented in the schematic diagram of
a new shell when a region is divided in two. The-r& imple- our representation in Section 5.
mentation of the class for the p-edge is described in Section 5. Since a p-vertex points to only one edge of the connected
The p-edge is distinguished from the edge-use of the RES by @dges, the algorithms for searching for various adjacent topologi-
definition and usage. The p-edge in our representation composesiaentities need to be developed. In Section 6, an algorithm is
loop bounding a face, whereas the edge-use composes a loopiageduced for finding all of the edges connected to a p-vertex. By
bounding a face-use that is one side of a face. Since a face has applying this algorithm, all query functions searching for the en-
face-uses in the RES, the number of edge-uses around an eddéiés adjacent to a given p-vertex can be implemented. The disk
twice that of p-edges. The discussion about the VBR and the CiEgormation of the VBR and the CES can also be extracted using
can be explained in the same manner, because the cusp of ttreeorientations of the p-edges and p-faces around a p-vertex.
VBR and the feather of the CES are equivalent to the edge-use of

the RES. 5 Data Structure

Incidentally, the p-edge looks similar to the co-edge of ACIS The hierarchical data structure to store these topological entities
[30], which is a commercial solid modeling kernel of Spatial . their relationshios is illustrated in Fig. 8. The é)ata%tr cture is
Technology Inc., because a co-edge is given to each incident féﬁé'éh : ! Ips1s Ifu In F1g. ©. ucture |

of the edge. However, the p-edge is distinguished from the C%(_)mposed of the topological and geometrical parts similar to other

edge by the historical background and usage. The p-edge is g ditional B-reps. T_his data structure is named Rtagtial Entity
signed for non-manifold boundary representation from the begi _r_ucture(PES in this paper. In Fig. 8, each arrow represents a
ning, whereas the co-edge is initially introduced as the half eng'mer to another entity. The solid amows are for the normal
of the half edge data structure for solid modeling and then ex-
tended to accommodate the non-manifold condition at an edge.
The p-edge is associated only with the edges or isolated vertices
bounding a face, whereas the co-edge can be associated even with
wire edges. This seems to be a heritage of the solid boundary
representation where a wire edge is associated with two co-edges
to form a loop. In solid modeling, when a wireframe is closed by
adding an edge, a new face should be created according to the
Euler-Poincare formula. In our representation, a wire edge is di-
rectly associated with a p-face to form a shell. This similarity
gives our representation a great advantage over the RES when the
representation of ACIS is migrated to our representation. Just by

. . . [
introducing the p-face and the p-vertex, the ACIS representation i ; geometry
can be converted to an immaculate non-manifold boundary repre | :
I
| I
| |
I |
| ] loop_next
I I
|(a) : (b) radial_next
I
{ | S, | I A c
PV: P : '( ! geometry
|
PV :
ay |
| X
e -
+ A 4 try
Vertex — Point
Fig. 7 Example of partial vertices around a vertex Fig. 8 Schematic diagram of the partial entity structure
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class Entity {
int _id;
Attribute  *_attribute;
I
class Model : public Entity {
Model *_next;
Region  * region;
Face *_face;
Edge *_edge;
Vertex *_vertex;
b
class Region : public Entity {
Region *_next;
Model *_model;
Shell *_shell;
IS
class Shell : public Entity {
Shell *_next; // next void shell
Region  * region; // parent region
Pface *_pface; /! partial face
b
class Pface : public Entity { // partial face (p-face) class
Pface *_next; // next p-face
Shell *_shell; // parent shell
Entity *_child; // child entity: a face, an edge, or a vertex
Orient _orient; // orientation flag w.r.t. the face normal
Pface * mate; // mate p-face
b
class Face : public Entity {
Face *_next;

// next model
// list of regions
// list of faces
// list of edges
/1 list of vertices

// link field of the region list of a model
// parent model
// peripheral shell

// link field of the face list of a model
Pface * pface; // one of two incident p-faces
Loop *_loop; // peripheral loop
Surface  *_geometry; // surface
b
class Loop : public Entity {
Loop *_next;
Face * face;
Pedge *_pedge;
b
class Pedge : public Entity { // partial edge (p-edge) class
Loop *_loop; // parent loop
Entity *_child; // child entity: an edge or a p-vertex
Orient *_orient; // orientation flag w.r.t. the edge direction
Pvertex  * pvertex; // start p-vertex
Pedge *_looped_prev; // previous p-edge in the loop cycle
Pedge *_looped_next; / next p-edge in the loop cycle
Pedge * radial_prev; // previous p-edge in the radial cycle
Pedge * radial next; //nextp-edge in the radial cycle
b
class Edge : public Entity {
Edge *_next; // link field of the edge list of a model
Entity * parent; // parent entity: a p-edge or a p-face
Pvertex  * pvertex[2]; //two end p-vertices
Curve *_geometry; //curve
b
class Pvertex : public Entity {// partial vertex (p-vertex) class
Pvertex  * next; // next p-vertex associated with _vertex
Entity * parent; // parent entity: an edge or a p-edge
Vertex *_vertex; // mother vertex
b
class Vertex : public Entity {
Vertex *_next; /1 tink field of the vertex list of a model
Entity * parent; // parent entity: a p-vertex or a p-face
Point * geomerty; // position

IS

Fig. 9 Implementation of the partial entity structure with the
classes in C ++

// next hole loop
// parent face
// a p-edge in a loop

cases, while the dotted lings), (b), and (c) in Fig. 8 indicate
three exceptional cases, respectiveb): single-vertex shells(b)

sibling entities are singly linked, except p-edges, in order to save
storage space. For p-edges, it is frequently required to find the
previous, or next, p-edge from the current one in the loop or radial
cycle. To respond to this query efficiently, p-edges are doubly
linked and ordered for the associated loop and edge. Note that the
_nextfields in the face, edge, and vertex are introduced only in
order to enhance the efficiency of their traversal through the
model for display or picking, even though they are redundant.

In the case of single-vertex shells, a shell has only one p-face.
The _child field of the p-face contains a pointer to an isolated
vertex, and its_orientfield is set asinoriented The _parentfield
of the isolated vertex contains a pointer to the p-face. In the case
of wire edges, each wire edge is wrapped with a p-face. The
_child field of the p-face points to the corresponding wire edge,
and its_orient field is set asinoriented The _parentfield of the
wire edge points to the corresponding p-face. In the case of single-
vertex loops, a loop has only one p-edge. Tlehild field of the
p-edge contains a pointer to a p-vertex for the isolated vertex, and
its _orient field is set asunoriented The _parent field of the
p-vertex contains a pointer to the p-edge, and_itertex field
points to the isolated vertex.

6 Analysis of Time Complexity

The time complexity of a data structure is usually evaluated by
measuring the response time of each basic query that returns to-
pological entities of a specific type that are adjacent to a given
entity. In this paper, we also adopted this method to compare the
time efficiency of our structure with that of the RES. [Retlenote
the region,S the shell,F the faceL the loop,E the edge)V the
vertex, Pf the p-face,Pe the p-edgePv the p-vertex,Fu the
face-use L u the loop-useEu the edge-use, andu the vertex-
use, respectively. IA and B represent one of the entities listed
above, we use the following symbols to facilitate the discussion:

anA entity

a set ofA entities, wheranm is the number
of A entities

an ordered set oA\ entities

the number oB entities adjacent to

A
A {A}}, or {A}™

(A) or (A)™
BA

anA; entity

A—{Bi} retrieval of allB entities adjacent to
anA; entity

A—B or {A;}—{B;} retrieval of allB entities adjacent to
all A entities

The basic topological entities used in existing non-manifold
boundary representations are of six types: region, shell, face, loop,
edge, and vertex. Hence, there are 36 possible adjacency relation-
ships between two types of entities, as illustrated in the adjacency
relationship matrix in Table 1. This matrix also briefly describes
the algorithms of query procedures that collect topological entities
of a specific type that are adjacent to a given entity. This matrix
verifies that our representation can also provide the same adja-
cency relationships, including the ordering information, as does
the RES. In our representation, nine upward and downward diag-
onal adjacency relationships boxed by solid lines are directly rep-
resented in normal conditions. Note that our representation does
not directly store a list of all edges adjacent to a vertex, whereas
the RES does. In our representation, a vertex has only a list of
p-vertices, and each p-vertex points to only one of its adjacent
edges. Therefore, a procedure to find edges adjacent to a p-vertex

wire edges, an¢c) single-vertex loops. Here, a single-vertex shelheeds to be developed. The algorithm Yo {E;} is introduced
represents a shell containing only a vertex with no adjacent edgeshe latter part of this section. In addition, six other adjacency
or faces, a single-vertex loop represents a loop including onlyrelationships boxed by dotted lines are also represented directly
vertex with no adjacent edges, and a wire edge represents an edlgder three special singular conditions: a single-vertex lsell

that does not have any incident face.

—V andV—S), a single-vertex loogL—V andV—L), and a

The implementation of our data structure with the € classes wire edge(S—E andE—S). The remaining 26 adjacency rela-
is shown in Fig. 9. Each parent node points to one of its chilibnships are derived from the existing adjacency relationship in-
nodes, while all child nodes point to their parent node. All théormation. Since all 36 adjacency relationships for a non-manifold

Journal of Computing and Information Science in Engineering

PROOF COPY 011104CIS

DECEMBER 2001, Vol. 1 / 361



PROOF COPY 011104CIS

Table 1 The adjacency relationship matrix of the primary topological entities in the partial entity structure (PES)
Reference Adjacent Group Entity
Entity Regions Shells Faces Loops Edges Vertices
Region (R FSIySR e (L P PSSR ({(<E>ELiyLFi FSiySRi {{{<V;>ELiyLFiy FSiySRi

Shell (SyFSi (L) Ly FSi ({<E>ELyLFyFSi o {(<VpFLyLFYES
Face {Ri}z {<<Fi>2>ELi}LFi {<Ei>ELi}LFi {<I/;>ELi}LFi
Loop ¢ Ri}z ¢ S;}z << 2FL | <EpFl | <Pl
Edge <R LE i <S,>LE' i <FpLE <<Ep?>LE | <Vp?

(FyE" Ly {L (E35" ! Vs

Vertex (R}EV

|:| A full adjacency relationship is stored (in normal conditions)

"1 A fractional relationship is stored (in normal condistions)

A full adjacency relationship is stored (in singular conditions)

model can be derived from our representation, it can be said thathild, and _facefields of the p-face are accessed as many times
our representation is complete, according to Weiler’s definitioas the number of p- faces in a shell in lines 2 to 4. Therefore, the
[71. total number of field accesses for visiting all of the faces of a

In order to evaluate and compare the time efficiencies of tf@gion is reduced t&R+3PfR;. Since thePfR term is much
PES and the RES, we need to measure the time required for Bigger thanSR in the above formula, the dominant term of the
ecuting each basic query function. The total running time of f@rmula is 3PfR . If FUR; denotes the number of face-uses in a
query function is the sum of two times: one is the time for execufegion in the RESFUR,; is exactly the same &fR;. In order to
ing the instructions, and the other is the time for accessing tfecilitate the comparison between the PES and the RES, we use
records and fields of a data structure. The number of record dntRi instead ofPfR;.
field accesses is a more important criterion than the number of " the same manner, we can count the total number of record
instructions, because a database access may cause a hard@§isgSSes. The record of each shell is accessed once in line 1, and
access and at least requires a main memory access. In most oftfigeP-face records in a shell are accessed as many times as the
previous work, therefore, the number of database accesses of d¥¢mber of p-faces in the shell in lines 2. Therefore, the total
basic query function is counted to evaluate and compare the tifigmnber of record accessesS® +FuR;, and its dominant term
complexity of data structures. We also adopted this method iBFUR;. ) ) ] )
compare the efficiency of the PES with the RES. Now we show AS above, the adjacency relationship-E is not represented
the calculation of the time complexities of the selected querigdirectly in our representation. A vertex has a set of p-vertices and
and summarize the results for all of the queries in the form of @Ach p-vertex has only a pointer to one of the edges connected to
table. Note that it is allowed to visit an entity more than onc€ p-vertex. Thus, it is necessary to develop an algorithm for
during the traversal in the basic query function unless otherwi§gding all of the edges adjacent to a given vertex. The procedure
stated. for V;—{E;} using the p-edge information is described in Fig. 11.

Figure 10 shows the algorithm for a query procedure that ralote that in this algorithm, each of the edges adjacent to a vertex
trieves the faces adjacent to a given region. For the sake of cén.Visited only once, even though multiple visiting is allowed to
venience, let us assume that the private memberstof @lasses the query procedures, according to the assumption in the begin-
for topological entities can be accessed directly by query funging of this section. This is because the vertex of our representa-
tions. As in this algorithm, most of the query procedures ha\I@n does not have any listed information about its adjacent enti-
nested loops. ties.

If SR andPfS denote the number of shells in a region, and the All edges in a data structure are initially marked unvisited.
number of p-faces in each shell, respectively, the total number Marking can be stored in the storage for attributes. The procedure
field accessedl; is: EDGES-OF-PVERTEX is invoked for each p-vertex of a given

SR SR vertex to gat?eErSCI_l:‘é)fstgeFeggésé{a}g;cent to the vertex. j’he input
arguments o -OF- are a p-vertex poiner
Nf:; (1+3Pf§):5R+3JZl Pi§=SR+3PfR. an edge pointee of the p-vertex, and an edge list pointerlist;
the output argument is_list, whose content includes the edges
Y ited. The first task of this procedure is to mark the input eslge
Visited and add it into the edge list list for output. Then, every
unvisited edge adjacent tw is visited in turn using EDGES-OF-
PVERTEX recursively. This is a typical depth-first search algo-
rithm. The edgenext_e to be visited next is determined using the
p-edges in a loop. Once all of the edges adjacent to the p-vertices
aroundv have been visited, the search is complete and the marks

As shown in the formula above,#3PfS times of field ac-
cesses occur for each shell. For each shell, as shown in Fig.
the _nextfield of a shell is accessed once in line 1, and_thext

FACES-IN-REGION (r, f list)
1 for each shell s in r do

§ forife;fcgpcﬁig l?;;; sisd;;ce of the found edges are reset as unvisited. o
4 add pf~>_face to f_list; Now let us try to count the field and record accesses in this
query procedure. The procedure EDGES-OF-PVERTEX is called
Fig. 10 Query procedure for finding faces adjacent to a given exactly once for each edge adjacentvtobecause it is invoked
region only for an unvisited edge, and its first task is marking the edge as
362 / Vol. 1, DECEMBER 2001 Transactions of the ASME
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EDGES-OF-VERTEX (v, e_list) Table 2 The number of field and record accesses for basic
1 for each p-vertex pv at v do queries in the partial entity structure (PES)
2 EDGES-OF-PVERTEX (pv, pv>_edge, e_list); - -
3 for each edge e in e_list do L] {8 ) L} £} Vi
4 mark e unvisited; R | S@ Furi 4 FuRi  3(1) FuRi 1(J)LuRi 3(1) EuRi 4(2)EuRi
) S | 1D 42)FuSi  3(I)FuSi I(I)LuSi 3(I) EuSi 4(2) EuSi
EDGES-OF-PVERTEX (pv, ¢, e_list) F |65 4(3) 8(5) PeFi I(IYLFi  3(J) PeFi 3(2) PeFi
1 addetoe list; . . .
2 mark e visited; L | 7(6) 54) 1 6(3) PeLi  3(1) PeLi  3(2) Peli
3 ifeisawire e(’ige E | 86)PeEi  7(5)PeEi  3(2) PeEi  2(I)PeEi 5(3) PeLi 4(4)
4 return, V.| 13(8) PeVi 11(7) PeVi 7(4) PeVi 6(3) PeVi 5(3) PeVi 5(3) Pe¥i
5 for each p-edge pe around e do {
6 if pvis the start vertex of pe Table 3 The number of field and record accesses for basic
Z next_e = pe~>_prev_in_loop->_edge; queries in the radial edge structure  (RES)
else
9 next_e =pe—> next_in_loop~>_edge; (R} {Sit {Fi} {Li} {Ei} tvit
10 if next_e is unvisited . R | 4(3) FuRi 3(2)FuRi 2(I) FuRi  2(/)LuRi 2(I)EuRi 3(2)EuRi
: ; \ EDGES-OF-PVERTEX (pv, next_e, e_list); s | 32 FuSi 2(1) FuSi  200) LuSi  2(1) EuSi  3(2) EuSi
F | 6(5) 43) 10(8) PeFi  2(I)LFi  2(I) PeFi 3(2) PeFi
Fig. 11 Query procedure for finding edges adjacent to a given Li | 8(6) 6(4) 33) 97y PeLi  2(1) Peli  3(2) Peli
vertex. E; | 8(4) PeEi  7(3) PeEi 7(3) PeEi  6(2)PeEi 8(4) PeEi 6(5)
V; | 8(5) PeVi  7(4) PeVi 7(d) PeVi  6(3) PeVi 4(2) PeVi 6(4) PeVi

visited. During an execution of EDGES-OF-PVERTEX, field ac-

cesses occurBePv;+2EPu; times, because there are two field

accesses in lines23, and FeFE field accesses in the loop in « The field for storing a pointer is four bytes in length.

lines 5~12. Therefore, during an execution of EDGES-OF- « One byte is the minimum storage unit. Hence, for example, if
VERTEX, the total number of data structure field accesses is there are multiple flags in a class and the sum of their storage
5PeV,+3EV;+2PuvV; if the field accesses af_list, which is sizes is less than one byte, one byte is allocated for them.
not a part of the data structure, are ignored. The most dominant The fields for attributes or geometric data are not counted.
term of this formula is PeV,. The record accesses occur  Only the storage for topology data is estimated.

3PeV,+3EV,+PuV, times, and can be represented &e¥ in * Data structures are compared in their original forms without
the same manner. However, if the number of edges connected to a any modification. Although a data structure has some redun-
vertex is not largeP eV, is not significantly greater thaBV; . For dant parts, we leave it as it is when counting its storage cost.
example,PeV,=2EV, under two-manifold conditions. Therefore,  If the implementation of a data structure was not published,

we should be careful in asserting that our query procedure is more We assume that it uses singly linked lists for storing a set of
efficient than that of the RES, although the most dominant term is adjacent topological entities.

somewhat less than that of the RES. Actually, because the RE
stores directly all of the edges adjacent to a vertex using vert
uses, it is always faster than our representation in the followi
queries for verticesV,—{Ri}, Vi—{S}, Vi—{F}, Vi—{L},
Vi—{E;}, andV,—{V;} in Table 1. However, as illustrated in
Tables 2 and 3, the order of time complexity of the vertex que
procedures of the PES is the same as that of the RES.

We investigated the counts of the field and record accesses
all basic queries of our representation, and summarized them
matrix in Table 2. The same process has been carried out for
RES and its result is summarized as a matrix in Table 3. T%ee
figure outside the parentheses in each box denotes the numbeéoo
field accesses in a query, and the figure inside the parenthegg
denotes the number of record accesses. To facilitate the comp é
son, we selected more convenient counting variables between %@
RESs and the PESs based on such special relatiofsu&sy
=PeF, EuLu=Pel;, EuE=2PeE, and EuV,=2PeV,.
The reason why we use the counting variables of the RES for t
adjacency relationships of shells and regions, suchLag;,

LuS, EuR, and Eu$, is that the Correspondlng Vf’mables of th.el'able 4 Storage costs of representative data structures for
PES cannot be used as correct counts if a shell includes lamiggky or non-manifold modelling calculated using Wilson’s sta-

%n order to compare the storage requirements of data structures,
e statistical data for the average numbers of topological entities
N8 general non-manifold models are required. Unfortunately, such
data is not available for non-manifold models yet, while the data
}‘or solid models has been investigated by Wil§8d]. Thus, we
dstimate and compare the storage costs of data structures using the
iterltistical data for solid models. According to Wilsi@1], a solid

Biect usually has only one shell. The average numbers of topo-
aécal entities for solid models are expressed by the function of
number of faced,. The numbers of loops, edges, and vertices
approximatelyf, 3f, and X. Each loop contains about six
es, and approximately three edges meet at each vertex. The
rall storage size of a data structure is calculated by multiplying
number of each entity by its record size and then summing
m.

The storage costs of several representative solid and non-
Weanifold data structures are presented in Table 4, where the stor-

faces. ] ) _ftistical data for solid models
As appears in Tables 2 and 3, the order of time complexity &f -
each query of the PES is exactly the same as that of the RES. THgPresenta- Data Structure Storage Ratio
PES answers faster than the RES for 12 queries, slower for 1822 Domain Size (bytes)  to PES
gueries, and at the same speed for five queries. As a result, it is Vertex-Based Representation | 858/ +87 126 %
proven that the PES has almost the same time efficiency as the Non- Radial Edge Structure 680f+95  100%
RES. Manifold Partial Entity Structure 3031+ 68 45 %
Selective Geometric Complex 4691+ 12 69 %
7 Analysis of Storage Complexity Qﬁlﬁ%?; ACIS 5.0 Structure 1957+ 40 29%
In this section, the storage cost of our data structure is estimatet Half Edge Struct 1767+ 20 2
H P HR i . aij-cage dtructure (]
and compared_wnth existing structures. Tg facilitate the compari-  Solid Winged-Edge Structure 1407+ 20 330
son, the following assumptions are made:
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Fig. 13 Storage costs of representative non-manifold data
structures for the selected models in Table 5

777

R

query function must traverse all of the shells and their faces
throughout the body, because the face class of ACIS includes only
one shell pointer.

In addition to the statistical data, we select several typical solid,
sheet, and wireframe models, as shown in Fig. 12, to compare the
storage sizes of the PES and the RES. As illustrated in Table 5,
(c) (@) our representation requires only approximately 40% of the storage
of the RES for solid, sheet, and cellular models, and about 80%
for wireframe models. Since a non-manifold model is a combina-
tion of solids, sheets, and wireframes, the storage costs of the PES
are expected to still be about 50% that of the RES for general
non-manifold models. In addition, we also investigated the storage
costs of several representative non-manifold data structures for the

. . selected models in Table 5, and the result is summarized as graphs
age cost of the RES is used as a reference for comparison. A¢rig 13,

cording to the assumptions mentioned above, the VBR and the
SGC are assumed to use singly linked lists as we are unaware,of .
any reported research work on their implementation to date. As Conclusion

shown in Table 4, the PES is the most storage-efficient one amondn this paper, we propose a compact hierarchical non-manifold
the representative boundary representations listed in the table.bsindary representation that allows significantly reduced data
compared to solid data structures such as the winged edge stistorage while maintaining the time efficiency of the radial edge
ture and the half edge structure, the PES has almost twice #®teucture, which is the most popular and efficient data structure
storage cost. However, this is natural because the PES has aobng the;¢Cg non-manifold B-reps. It includes six out of 16
only new entities, such as p-faces and p-vertices, but also radigbological adjacency relationships and the ordering information.
link fields in p-edges, in order to represent non-manifold condi-he partial topological entities have been introduced to represent
tions with a single unified framework. Note that the data structuthe non-manifold conditions at the face, edge, and vertex in an
of ACIS 5.0 is more compact than the PES for representing solidsonomic and efficient way for the storage and retrieval of topo-
However, the ACIS data structure is not a complete non-manifoldgical data. We showed first that all adjacency relationships be-
boundary representation. It was initially a half edge structure ftween the basic topological entities could be extracted from this
solid modelling, and it has since been extended to represent ndata structure using basic query procedures. Next, in order to
manifold conditions. For instance, if more than one two-manifolgrove that our representation is as efficient as the RES, we ana-
surfaces are connected to a vertex, the edge pointer in the vetieed the time complexities of the basic topological query proce-
class is set to null and multiple edge pointers are stored in tdares and compared them with those of the RES. Then, we esti-
attribute vertedge Consequently, the ACIS data structure is stilmated the storage requirements of our representation for typical
inefficient in answering some topological queries even thoughsblids, wireframes, meshes, and cells, and compared them with
was extended to represent non-manifold conditions. For exampiegse of other existing representations. As a result, it was proven
if one asks the system to find two shells adjacent to a face, ttiet our representation occupies only half the storage space of the
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Fig. 12 Typical geometric models for storage comparison: (a)
an n-sided prism (n=6); (b) a mesh model of s-rail shape; (c)
a mesh model of a 1 /4 drawing die; (d) a cellular model with
10X 10X 10 cubic cells

Table 5 Storage requirements for some selected models represented in the radial edge structure and the partial entity structure

Number of Entities Total Size (bytes) Ratio

Tve Object R s (‘Z) E v (’Z % EU v  PF  PE  PV| RES res | 4 5)
Solid Statistical Data 2 3 f 3f 2f 2f 12f 12 2f 6f 2f 680/+95 303f+68 | 45%
n-sided Prism 2 3 n+2 3n 2n 2(n+2) 12n 12n 2(n+2) 6n 2n | 680n+311  303n+176 45%

Sheot S-rail Mesh ) 2 3763 5697 1935 7,526 22,578 22,788 7,526 11289 1,935 | 1,479,152 639,518 | 43%
1/4 Die Mesh 1 2 3190 4,680 1671 6,380 19,140 19,440 6,380 9,570 1,671} 1,256,246 543,092 43%

Wire Statistical Data ! 2 0 3f 2f 0 6f 6f 2f 0 6f 224f+62 178f+44 79%
S-rail Mesh 1 2 0 35697 1935 0 11,394 11,394 5,697 0 11,394 417,986 328751 79%

Cell | 10x]0x10 cubes | 1,001 1,003 3,300 3630 1331 6,600 26,400 26,400 6,600 13,200 1,331 | 1,623,723 644,192 40%
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RES. From a practica| Viewpoin’[, our structure has a great advahLl] Weiler, K,',’ 1990, “Qeneraliz_ed Sweep Operatior_ls in _the Non-manifold Envi-

tage over the RES. The data structures of ACIS and Parasolid can '°"Ment” Geometric Modeling for Product Engineering, M. J. Wozny, J. U.
. Turner, and K. Preiss, editors, Elsevier Science North-Holland.

be converted t_O our structu_re very eaS|_Iy,_because the co-edge[ng] Lee, S. H., 1999, “Offsetting Operations in Non-manifold Geometric Model-

ACIS and the fin of Parasolid are very similar to the p-edge of our  ing,” Proceedings of the 5th ACM Symposium on Solid Modeling and Appli-

structure. Only by introducing the p-face and the p-vertex, the¥ cations, Ann Arbor, Michigan, pp. 42-53. .

can be converted to our structure. 13] Yamaguchi, Y., and Kimura, F., 1995, “Nonmanifold Topology Based on Cou-

Based on the partial entity structure, we have also developed apy g1l 5" 1cs0 " ex based Boundary Represeniadon of Nommanifld
object-oriented non-manifold geometric modeling kernel system ~ geometric Models,” PhD. Thesis, Carnegie Mellon University.

with open architecture, called NGM. All of the topological or [15] Rossignac, J., and O’Conner, M. A., 1990, “SGC: A Dimensional-independent
geometric information of non-manifold models can be accessed g'ode' {?Ifc mg;slfnts f\gitgrgnéﬁgfgégnszgﬁﬁaes Nagghlzcggggete Bizgdig%&"
dlreCtIy. and fre.ely through the €4? class I|brar|¢s, ar.]d all of the 16] Ligghmaerdt, P., 19919, “Topological lﬁodels f%r Boundary Rép?gé:entation: A
modelling and interrogation functions are provided in the form of Comparison with n-dimensional Generalized Maps,” Comput.-Aided (.
APIs as well as @+ class libraries. This kernel provides not  No. 1, pp. 59-82. ' '
only high-level modeling operations like Boolean and sweeping7] Lee, S. H., and Lee, K., 1996, “Compact Boundary Representation and Gen-
operations, but also a set of Euler operators based on the general- emzeegc'fg:;rloﬁgfi‘m f°1’ ’\l‘&frnm;;gg Geometric Modeling,” Transaction
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