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1. Introduction

1.1 Background

Originally boundary representation modelling reqdi thatmodels be'two manifold”, thatis, be
point sets with the pperty that at any point on tlh@undary a small enough sphereus into two
piecespne inside and one outside the object (figure 1.1)

Another definition that is used is that at any point on the boundary tioa rgroundinghe point
is homeomorphic to a disc (two-connected condition).

This condition facilitate®perations and also helped early development by reducing the number of
special cases that had to be considered. The manifold condition is essentially a geometric condition
so it facilitates geometric algorithms. Later obetame dar that this condin can be relaxed to

allow a wider variety of models to be used an it is this type of relaxed modetbeaatfects that

this tutorial is about.

Although it is a fairly basic topic, it is, perhaps, necessary to tideé recap ofthe boundary
representation data structure as a background to thscriptions. The (almost) original
datastructuravas the "winged-edge" datastiuie developed by Baumgart aratlapted by Braid
for solid modelling in the BUILD system, [Biié8] (fig 1.2). This structure maintains links to the
neighbouring edges, the right and left loops and the start and end vertices.

Another structure which has grown in popularity uses so-called "half-edges” (or "coedges, or "loop-
edge links, or ... ) fig 1.3. This representation has gaiopdlarity because it is possibletiave a

ring of "half-edges” round the edge so as to allow more tharaees to meet dhe edge (Weiler
[Weil85]). Although true, a personal view is that this is not an optimum representation, as will be
discussed later. However this representatiogatty facilitates traversindoops of edges, an
important operation. In fact, the winged-edge representation, with egteesions, can also be
used fornon-manifold modelling. The third type ofdatastructure which can be ntiened is the
"edge-vertex link"structure which uses links between the edge and the vertex to record
connectivity (fgure 1.4). This is the least used of the three datastructures.

The special representations described in this tutorial all need the connectivity ildonmeetdrded
in the data structure to a greater or lesser degree, hence the reason for describing them. Please note
though, that all three are equivalent, there is no need to ressgeisgdions to one single type.

The original winged-edge structuassumed thahere were exactlywo faces at aredge. For a
normal object this is correeind it was conceived as a representation for modelling normal objects
for computer vision. Howevervhen applied in CADetc., there are othareeds and so more
flexibility is required. Even by the end of the 1970's compromises had to be reached. Sheet objects
were modelled using'aubber' face owne side, for example. The rubliace was used to preserve
the topological necessities but it had no geometry and was used solébgéttHe model sahat
every edge had two faces [Brai79]. Wire modedse also allowed, but these weitél 'Eulerian’
became sheet objects when closed, so were raffemrialised examples of the general model
structure. A much bigger break caméhathe need to integrate real wirefranseiyfface and solid
models in one system so as to provide idewrange of design tools ([KE2], [GPM81]).
Wireframe models wersupported in the GPM system by allowing thenhéwe no faes. Sheet



objects were represented using back-to-béamtes sothat they fundbn like geometrically
degenerate volumetric objects.

Weiler's dissertation [Weil86] presented@called "radial edgestructure of links round an edge
to allow multiple faces to meet there. In a stricicture thereshould be an even numberfates
round the edge, arranged alternately as "left" and "right" edge-facenslatmeaning effectively
that a set of non-overlapping wedges aitenial neet at the edge. (The infornwat about "left" or
"right" is recorded in the link connecting the edge and a lotipeoface). The notion of ‘wedges' is
explicitly used in the non-manifold datastructure proposed by Luo and Lukacs [LuLu91].

So, to sum up, thmodellingdatastructurshould be able to suppottisctureswith 0, 1 or an even
number of faces meeting at any edge.

The different types of model areusitrated in figures 1.5, 1.6, 1ffom [Stro94]. These figures
illustrate the interchageability ofthe representations as well as the representations themselves.
This is important to notéecause it means that the same basic functionality can be t&appor
different ways by the underlying modelling methods. The figurestidte the different
interpretations of the different types of model. So,gnre 1.5, thewon-manifold sketmodel with

radial edge structure at the top can be interpreted as a degeneratecleden two ways, either as

a connected set d@ces, or asour distihct pieces, depending on how the multiplef-eadges are

split into pairs. Similarly for a partial model, thaternal edges have two half-edge links; the
boundary edgesugt one. Theubes in the top picture with the singien-manifoldedge can be
interpreted as joinestructures oequally well as tweseparate cubes. The other tigufes show
similar results for interpreting degenerate models as radial edge or partial models, and the method
for building back the undefined side of a partial model to form a degenerate model.

1.2 General tools

There are a number of general tools which are useful generally for modelling. These are tools for
finding connected sets of entities (e.g. “all edges inyhddll edgesround vertex”, etc.), an entity

with respect to one or two other entities (€eglge clockwise from edg®und loop”, etc.). There

are similar tools for use with radial-edge non-manifoleeoty, e.g.

all links round edge
all loops round edge

which can be added to the normal set. Other operasogh, as “all edges round vertex”, need to
be adapted to take accounttakes where there are multiple edge sets at the vertex.

Another important operation is for sorting links around an edge in the radiatygagef model.

The links should be arranged in ordelgckwise or counter-clockwise round the edge, depending

on the edge’s orientation. The links are ordered using the geometryfatéseorresponding to

the link. A vector inteeach face from the edge is used for sorting, the vector for first link giving
the zero angle vector, the other angles calculated relative to this. The order of the links round the
edge is important so that there is nmuaterial within naterial’. Normally the links are arranged in
pairsround the edge indicatingiering naterial or leavingnaterial, depending on the orientation

flag of the link compared with the edge. Looking at the links round the edge, there should never be
two adjacent links implyingntering material. This is especiallygortant in sheet objechodels



where the geometrical informah only isnot enough, because there are two back-to-back faces
which have the same incidence angle at the edgéee, HIs0, the gential difficulties that might
occur when several sheets hawbe same incidence angle at the edge. This should be
comparatively rare, but might occur.

1.3 Euler operators

It is worth noting, briefly, the work of Luo and Lukacs ([LuLu91], [Luo92])extending the B-rep

data structure. The importaatidition in theirstructure was theddition of what they called
"wedges" and "bundles" for non-manifold edges and vertices. These c#mught of as
equivalents of "loops" in faces for representing multiply connected boundaries. Every edge has at
least one wedge (pair of loop-edge links), non-manifold edges have more than one. Similarly,
every vertex has at least ohandle of edges, non-manifold vertices havere than one bundle.
Luo92 alsodescribes an extensiset of Euler operats to create and manipate models with

these extra elements.

The important thing about this structure is thaeihoveshe inherent ambiguity of the radial-edge
structure by associating loop-edge links in pairs. This is important for being able to ddferent
between the cases where two objects just touch and whereishégycheach ¢ther. For the radial
edge structure the interpretaticlepends on the way the loop-edge links are paired during an
operation, and this is not well defined. With the Luo and Lukacs data structure this is explicit.

1.4 User philosophy

With completevolumetric, manifold modelthe model can b&eatedwith general geometric and
topological operations. This isot always true with these special representations, hence it is
necessary to have a ‘philosophy’ of their use so as to be dia@edie special cases. One example

of this is when wire modelsre used to represent, for example, the centre-lines of pipes. The model
is, in reality, made up of two parts, a geometric part represented using the winefoaieleand an
implicit, unevaluated part. Similarly there is an interpretation of sheet objects aspemalised
representations of thin plates, thbag' edges of these corresponding to narfases in the
volumetric model. Theperation to offset thesamodelsworks well enough when the offset is
small, butcomplications can arise whehe offsetbecomes too large. In effe theidealisation

starts to break down.

Handling general special representations requires more attention and is more difficult than working
with special representations for particular applications. With particular applications the user can be
restricted or advisedoaut special conditions instead of having to cope with them later.



2. Wireframe modelling

Wireframe models are the most difficult of the special representatidmnttie. Theyonsist of
edges and vades only, sothe specific adjacency informah related tofaces is missing.
Wireframe models can be useful for several purposes, as desighesketcas idealisations, but
their use has to be restricted to avoid interpretation problems or ambiguity.

2.1 Uses of wireframes

There are several ways in which wireframe modelling techniques can be used in an integrated
system. These are outlined below and then techniqudsifaiing them will be described in the
next section.

2.1.1Wireframes as object models

Wireframe models were used for some time in CAD systems for representing three-dimensional
models. They contained all the essential lines needed, but the singdlifietlre which made their
implementation easy also implied that erroneous or ambiguous structures could be built. Models of
Klein bottles or Mdbius strips can loeeated asvireframe models. Ambuousmodels such as
Requicha's example (figur2.1) can also be created. In eft there is a loss of information
between the designer and the system, the designer'siantéstnot entirelyrecorded and the
system could not advise him/her of his/her misconoagpt

2.1.2Wireframes as design sketches

Another way of using wireframe models is as design sketches. The designer is allowed to build up
a rough model wh a series of lines whictire gradually refined. The reason for using a wireframe
model is to avoid requiring that the model be disconnected andssgpidiheway the designer

works. See, for example, figure 2.2. Anothesgbility is to let the designer create a partial
model, say the rotational profile, and have the system @enftheshape awtmatically. Here,

though, there appears a direonflict between flexibility andupport. The rotanal profile could

be swept directly to produce a sheet object instead of being made into a closed shape and swept to
produce a rotational solid. Frommaodelling point of view it is not possible to exclude either
option so it is necessary either to restrict the user or offer alternatives, which increases system
complexity.

2.1.3Wireframes as idealisations

This is the tearest way of using wireframe models. The model itself cathbeght of as a
'symbol' which stands for a more complex shape. An example of this is the use of a wireframe
model as the cdrelines of pipes. In this casee wireframe isused mainly as a repository for
geometry and the connectivity information is sufficient to determine interactions.



2.2 Wireframe modelling

Wireframe models use the same basic edge-vettegture as complete B-reps, but thep/face
structure is missing and hence the connectiaitind vertices works in a rather different way.

As alreadystated, the biglrawback with wireframe models ibe lack of complete informiain.
For this reason it is sometimes necessary to rely on geometric tests, whiclotalkvays
guaranteeable. As the complexity of the wireframe model increasdsesothe potential for
intractable problems. For this reason ihéxessary to be cleabout the use of wireframaodels
and to limit their applicabn to simpletasks. The user shoutit be allowed to create veryrggal
models, investing time and effort into something which may comtamrsand need a lot more
effort to convert later.

2.2.1 The wireframe structure

It is possible tchave Eulerian wire obgts. These were built up usingl&uwperatorsand were
used in the firstystems to make general shapes whigre then swepito solids, for example.
These had left and right loop pointers, as witheo edges, but they pointed to the same loop.
When the loop was closed a sheet objectmwade (figure 2.3).

A normal wireframestructurehas vertices and edges only. Thstfistep is tadecide whether to
represent thavireframe model as separate model or have it as a special case of a general model
type. Itis probably better to have it as a separate niyjoke|

The next decision is whethéne wireframe model is a single piece or whether it can consist of
several separate pieces. If a single piece onlyasvatl then all edges and \iegsare connected.

If multiple pieces are possible then it is absolutely necessary to link all edges and/or vddiees i
chain so that all pieces can foeind.

To implement edge-vertex connectivity, each vertex points to an edge and the edges are linked in
chains round the start and ewertices, using winged-edge pointers or linked half-edges (figure
2.4). However, the order the edges are linked round the vertexnoééahd probably doesot)

have any special significance. Not, also, that there is not the same need for multipktedgthe

vertex as with non-manifold adgts, it is to be expected that all edges at the véotex a single

chain.

If a wireframe model has multiple pieces then some conversions may relairéhese be
separated as a preprocessing step. The separation process is relatively simple and is analogous tc
the process of separating solid or shetes. The fist edge in the wireframe is selectaad all
conneted edges put into asti Then the chain of edges in the wireframe is scanned, if an edge is
found which is not in the list then this belongs to a separate part and the edge and all connected
edges are moved to a new wireframe. The process is repeated until all edges have been checked.

2.2.2 Setting wireframes into sufaces

A normal requirement for this is thttere are only two edges at every vertex. This requirement
makes it easy to determine connectivity information between edges. If it is known that a closed



form is to be created then it can be better to create the shape using Euler operators to begin with, as
in figure 2.3.

The first step is to separate the wire frame mauel separatpieces, as indated in the previous
section. Then, at every vertex, the two edgesting atthe vertex are set to point &ach other.

When all vertices have been processed there will be two loops of edges,itonenmlicit
orientation in the same direction as the surface, one in the opposite direction. The appropriate faces
are then assigned pointers to the given surface and a negated copy.

The reason for the restrigh is to avoid having to make difficult geetric decisions l@out
adjacency. The difficulty here is to determine what is 'outside’ and what is 'inside’. Another
consideration is that it isot pssible toguarantee that general graphs are planar. A simple
example, from L. Wingard, is shown in figure 2.5. The user shootide dbwed to develop too
complicated a wireframe model before converting.

2.2.3 Sweeping wires

Another method for converting wireframe modetsoi sheet objects is to sweep them. Note,
though, that visually the result may be difficult to distinguish from a solid producedsdsping.

The final result will depend on the choice of datastructure. The algorithm here produces a
degerrate model as resultbut it is relatively simple to convert this toradial structure if
necessary.

The process can be thought of as sweeping a very thin lamina made by splitting every edge of the
wire andthe non-terminal vertices appropriately (fig@®). It isn't atually done quite this way,
but that is an alternative way of visualising the process.

The algorithm sweeps each edge of the wire separately. If no neighbour of tiraedgen swept
then the case is as in figure 2.7a. Two new edges are extended from the start andceadVert
the edge, new edges 2 and 3, and the extruded vertices clitisednewedge, edge 4. Half-edges
are added to the wire or winged-edge poingatsappropriately to create two back-to-bémées,
one with edge sequence 1 3 4 2, the other with edge sequence 1 2 4 3.

If one neighbour has been swept, as in figure 2.7b, then there is an extrudatieattye edge 2 in

figure 2.7b. Effectively, edge 2 has to be split so that edge 2 lies betweenesimisly created

face and one new face, edge 4 lies between the otheoysk\created face and the second new

face. A new edge, edge 3, is added at the unextruded vertex as before. The two extruded vertices
are joined with a new edge, edge 5, giving two new faces with edge sequences 1253,and 145 3.

If neighbouring edges at both start and endisesthave aéady been swept, figure 2.7c, then both
extruded edges have to be split in the same way adgsstiled. The two extrudedertices are
joined to create two nevaces vith edge sequences 1 36 4, and 1 2 6 5 respectively.

A special case occurs when there are more than two edges at a vertex. Here it is necessary to
perform a geometric test to determine thmeehcies othe extruded faces.



2.2.4Wireframe idealisations to solids

Wireframe models as idealisatiorsse easier to handle than othesneersions because the
wireframe model is, essentially, only a repository of simple geometric information staiheand

end positions ofthe wireframe edge, and the curve of the edge are used to generate solid pieces
which are then put together by Boolean or 'local’' Boolean operations.

With the normal Boolean operation the 'intei@ctboundaries'that is the boundaries where the
objectscut each other, are determined and then the objects are j@ppdhpriately, at these
boundaries. With a special Boolean a single boundary, or a reduced number of boundaries, are
created by finding one portion of the boundary and extending that until the whole boundary is
compkte. The ojects are then joined along this boundary only. This istiided in figure 2.8. It

is also possible to create the final object by esting all wireframe edges (and possibly vertices)

to solids and then using Boolean operations to join the separate pieces.

2.2.5Wireframe to solid conversion

This is a bad idea. As already indicated, ia$ advisable to Bdw very complicatednodels to be
created before converting them. It is easy for errors to creep intodthkel because the modelling
operations cannot detect faults when they are made. Another problem is thaidile can be
ambiguous or impossible tealise as a solid.

The problem with converting wireframe models to solids is to deterthmeadjacencies, round
vertices or ound face loops. If, at a vertex, the direction to the outside of theatlien the
projections othe edges at the vertex can be used to order the ddgkwise or counterclockwise
round the vertex. The problem is that this dimtis not always khown. Finding cycles of edges
bounding faces is even more difficult. Several possible cycles of edges can bendblatidof
which bound exterior parts of the object.

In general it is difficult to guarantee success, hence it is not wise to allow wireframe models to get
too complicated.

2.3 Conclusions

Because wireframe models lack coetpgl information it is wisest to use thenittwcare and in
limited applications only. Often an operation dogment a wireframe model means a loss of
information becausthe designer's inteion is not recorded. Wireframes can be usedci@ating
design sketches, up to a poiahd also as idealisations of solids. For closed shapes and for general
building other techniques should be used.



3. Sheet objects

Sheet objects can be thought of as special types of voluraetgbiput, obiusly, because of the
geometric degeneracy there are special conditions.

As alreadystated in sean 1.1 there are three ways of representing sheet objects: 1. using radial
edges; 2) using degenerate models; and 3) as partiettebj Sice these are approximately
equivalent there is no neednwakegreatdistinctions, though some differences will be mentioned.

In general, though, theadial edge and degenerate models have the same fragierties, being
doulde-sided. Partiamodels have other special uses.

3.1 Uses of sheet models

Sheet objects can be used as interatedbbjects, createffom wireframe models by, say,
sweeping or settinghto surfaces, which are, in turn, swept iMolumes. Thigransient use of
sheet models is not worth distinguishing specially. Sheet objects are more interesting as
idealisations or when used for special purposes.

Radial-edge and degenerate modets doule-sided, hence areseful as intermediat@odels and
as idealisations of thin gle models. As idealisations of thin plate objeitts outer edges of the
sheet objects correspond to degendites. Note thaheidealisation is valid whethe plates are
thin, if the plate thickness is too great then the topology of thendgpavolume model will be very
different from the sheet model topology, see figuk for example. Although this could be dealt
with by making a sufficiently commdated algathm it is certainly recessary to question the
validity of doing so. If the offset is comparatively grelagn it seems dubious to make the
idealisation in the first place. i$, again, aguesion of directingthe user rather than being too
dogmatic about thenoddling technology.

One interesting use of partial models is as features which can be stit¢besblids as part of
design-by-features, as done by Ranta et al. [RIKM93].

3.2 Modelling with sheet models

Several algorithms for sheet models are dedtt im thissection. This is not a complete list, it is
meant as a sample to illustrate the general techniques.

3.2.1 Sweep extruding sheet models

The external edges of the sheet object can be extended by sweeping in a similar to sweeping
wireframe models (figur&.2). The process is slightly differebécausehe sheet objectlir@ady

has an orientation so it is possible to use Euler-type operations to perform the operation.

As with wireframe sweeping, each edge ieptseparately. To sweep an isolated edge (figure
3.3a) the edge is 'sliced’, i.e. split lengthwise to produce a degefeemt@ith two edges. Two
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extension edges are addeilhwMake Edge and Vertex operators and the operation finishiddav
Make Face and Edge operation.

If one (figure 3.3b) or both (figure 3.3egrtices of the edgdraady have extension edges then the
process is more compéitedbecause the vertexas to be split, too. As befotke edge is first
sliced to produce a degenerate face. Thacadt extensioedge or edges are also split, and then
the vertex or vertices il the extension edges are also split. If only one vertex was adjacent to an
extension edge then an extension edge is added athirevertex. Finally the extended vertices
are joined with a new edge. This is easier to illustrate with the figures than to describe in words.

The final consider&n here is wat to do if the sheet model is represented using a radial edge
structure. One way of doing this is to perform the algorithm as above and then collapse back the
edges as a postprocessing step. Anoti@r is similar tothe method used to sweepreframe

models. Each edge has to be swept separately, as before. Each swept edge generates two nev
faces. If the start or end vertex or bbids been septthen the corresponding extended edge is
used, otherwise a new edge is added at the vertex. The two extenieebare joined with a new

edge. At each edge, the original edbe, two extended edgesd the closure edge, two new loop-

edge links are added. The order of the links round the edgbasdo be determad, they should

be ordered clockwise or counter-clockwise according to the basic principles of the modeller.

3.2.2 Expanding sheet models to solids

This operation is most appropriate when the offset is small. It is intended to produce an evaluated
volume model from a sheet idealisation. HArey important conideration isthe degree of reality

which is required. If thexpanded stetmodel has sheet pieces at different angles then it may be
more realistic to have rounded pieces between the plates t@at@neinding opetians instead of

having sharp transitions. This can be done as a post-processing step.

The easiest model type to change in this way is the degenerate form. [écausehe internal
structurealready exsts, it is only the external edges and verticesribat to be changed to created
degenerate faces. If the model is represented using radial-edge links thest #tediis to cess
all internal edges, convertirtge structure to a degenerdbem by creating new edges and linking
them into the data structure that each edge has only two loop-edge links.

Once thestructure is in the degenerate form the process oferting it conssts of slicing the
external edges and their start and end vertices to produce the narréacsgi€&ach edge is sliced
separately (figure 3.4a). If an edgeesdherthe start or end vertex hakeady been sted then the
vertex, too, is sliced (figure 3.4b). Normally there should be tmlyexternal edges at a vertex,
but there are cases when there can be three or more. Ilrcésesethe vertex splitting process is
slightly more complicated.

The two-edge vertex split is straightforward, it isamal vertex splibperation. Starting with one
of the sliced edge halves, all edges between that and the next slice edge are moved to a new vertex
and the original and new vertex joined with an edge (figure 3.5).

The three or more edge split vertex is more difficult becdbeevertices have to be joined

correctly. The split has to create or extend a central face, as indicated in figure 3.6. This is another
minor detail which is fairly easy to overcome. It means that it is necessary to be able to identify the
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internal edges created when splitting vertices. If there is only one such edge then this is sliced
before starting. Then, as before, startinthwihe appropriate half of the sliced edge, the process
works, say, counterlockwise round the vertex moving edges to the new vertex until one of the
internal edges has been moved.

The geometry of the expansion process akeds to be handled. In manyesa this can be done
analytically but in somecases, when the sheet ety surface is a free-form surface and the
boundary curve is non-planar it may be necessary to use numerical geometry.

For simple gemetry the curves of the external edges, sliced to create the rsidevVieces, are
offsets of the original curve in opposite directions, determined from tHiaceunormals. With
complicated geometry it is necessary to compute a sets#tqfbintsand fit a curve through these.

For theremaining edgeshe curves are offset, if the adjacent faces lie in the same surface, or
calculated as intersection ees from the adjacent offset surfaces.

The surfaces of the sidaces can, in many sas, be determined as the fane generated by
sweeping a straight line along the curve of the edge. For some cases, though, with very
complicated geometry it may Iecessary to calcatle a set of points on tiserface and fithe final

surface through these.

The surfaces of the other faces are calculated as offsets of the original suGacesthese have
been created it is possible to determine the curves of the internal edges by intersecting these.

Another consideration concerttse 'realism' of the process. Irrealistic volume model of a thin
plate object the internal edges would often be rounded because the plate won&tdey
bending. This can be done as atgmecessing step, blending the interadges with suitable radii.

It is also necessary to codsr whathappens if faces disappear during thesetffprocess. This is
certainly a risk, especially wittatge offsets, but it is necessary to consider carefully what should
be done. It would be possible to take the self-interseatimgel and evalate it using Boolean-like
operations. Another possibility is to flag armrorand let the useadjustthe model or offetradius
before trying again. The latter possibility may befgnable, sincehe idealisation ismost valid for

thin plate models involving small offts. Theevaluation rethodremains goossibility if the user
really does want an automatic solution, but this may produce strange resthtplate models
cutting into or through each other.

3.2.3 Creating sheet models from solids

The operation is useful for creating a thin plaitedel from a solid representing a housing, for
example. This is only appropriate for creating degeneratad@al edge Iseet models from a solid
because the partial form is identical to the original solid.

This is actually a very simple operation, especially with degenerate models. rSths&tep is to
separate the shells into separatgecis. Then, for each olge anegated copy of the shell is

inserted into the obgt.

For the degenerate form of the sheet object this is sufficient. Foadle edge modehe edges
need to be merged. The merging process involves traversitng alfiginal edges, identifying the
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corresponding edge in the negated copy and moving the loop-edge links form the edge copy to the
original edge. Since tharder of the edges in tlewpy should be the same as the order of edges in
the original model then there should be mecessity to perform extensivéiecking to identify
matching edges.

3.2.4 Splitting sheet models along edges

Splitting edges is importanfior example, for manipulating sheet models created from solids. One
use is to be able to split off a face from a model made from a solid. Another use is to split edges so
as to be able to flattenraodel by unbending it. The steps for the three cases are summarised in
figure 3.7.

The first step with a degenerate model is to find the edge matching the edge to be split, if there is
no direct pointer. If none is found then possibly the best course is to fexgasuiand exit, but it

would be possible to create an isolated matching edge and use this for gpi@tsigeet object.
Assuming that there is a matching edge there are three cases: no common vertices; one common
vertex and two common vertices. With no e¢oan verticeghe split is equivalent to creating a slit

in the object. WWh one common vertex the split extends an existing hole or boundaith tWé

common vertices the object is split into tyeces, or an inner hole is cauted to the outer
boundary.

With all three cases the loop pointers are handled by simple reconnection. So, if the edges are
oriented in the same direction, the right loop pointers are swapped. If the edges are oriented in
opposite directions thethe right loop pointer of one edge is swappeth whe left loop pointer of

the other. The vertices are then merged so that, all edges attached to the start vertex of one edge ar
moved tothe corresponding vertex of the other edge. Similarlgddles attached to the end vertex

of the edge are moved to the corresponding vertex of the other edge.

In the case where there is one common vertex the loop pointers are handled in the same way but the
process of handling the vertices differs, the common vertex is split and the separate vertices are

merged. First the loop pointers and the separate vertices are merged. The edges at the commor
vertex then form two separate edge sets which can be traversed using the "edge clockwise round
vertex from edge" relation. One of the edge sets should be moved to a new vertex.

With two common vertices botrertices have to be split. Again, ortbe loop pointers have been
rearranged the original single edge se¢ath vertex is broken into separated parts which can be
traversed and moved to new vertices.

With a radial edge model the normal process is to separate the loop-edge links into pairs attached to
matching edges. Following this process the vertices can be split in the same way as outlined above.

3.2.5 Joining sheet objects at edges
This operation is most often used for joining boundary edg#s just two faces at each edge,
although it could be used for joining general edges as well. A preconfdititime operation is that

the edges lie in the same curve and thawdrdces natch, although the edges may be oriented in
opposite directions.
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The simplest version of joining sheet models istf@radial-edge type wherhe loop-edge links

of one edge are transferred to the other edge, although the links have to be ordered correctly around
the edge. If the edges are oriented in the opposite direction then the orientation in the links being
moved have to be changed.

For the degeneratenodel the vertices of edges have to be handledectly but the edges
themselves remain. The loop points of the edges are swapped so that, if the edges are oriented in
the same direction, the right loop of one etigeomesghe right loop of the other edge. If one or

both vertices of the edge are aman thenthe vertices have to be split, moving one connected set

of edges to a new vertex. If the vertices are separate then all edges at one vertex hawveéd be m

so that they refrence the appropriate corresponding vertex.

With a partial model the same cassiatons apply as fothe degenerate moddiut the suiace
orientations at the edges being joined must be the same.

3.2.6 Creating sheet models from surface models

A surface model is, alreadgpproximately equivalent to a partial modelhdis a topology and so it

is relatively easy to perform the conversion. The partial model is the most appropriate form, but, of
course, it is simple to add a bafelce andcreate a more complete sheeddel. The therforms,
degererate oradial edge modelare appropriate if the surface represents, say, a thin object like a
car panel or aesthetic design, designed as a surface and thesrtedrby offsetting to produce a

thin, plate-like form.

As is described in standard texts on geometry, the nafomal of a free-form sudce is a
rectangular patch. The natural formtleé model, then, is a four -sided face, each edge having one
loop pointer or one loop-edge link. There ispecial case wdre thesurface is three-sided, i.e.
when one of the edges has zero length.

More complicaibns come when dealing with trimmed patches. Heretheoe is a natural affinity
between partial models and geometric form. The trim curves being, in modelling terms, edges. It
is not really necessary to go indeeat detail, since this should be clear. The problem is being able
to relate the geometrical entities appropriately, the correspondence is clear.

3.2.7 Bending and unbending sheet models

For thin plateidealisations it may be desirable to siatel bending ounbendingoperations. The
bending operation is to produce three-dimensional models from a flattened shape. The unbending
operation can be useful to produce the flattened shape from the three dimensional shape. A
possible way of creating a housing in this way is to design the shape as a solid; make a plate model
from the solid; cusome edges; and finally 'unbetidé sheet model to pduce a flattenedhape

which can be cut from a sheet, see figure 3.8.

Both these operations basically rotate a selected portion of the object about a straight edge. The

complicated part is to delimit the object part to be rotated. This is done in the same basic way as
for bending volumetric models mentioned by Braid [B8iand described ifStro92],i.e. defining
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the bend seam, the part to be rotaad the angle, see figure 3.9. The int@or thing is that the
bend seam separates the object into two pieces.

It is, perhaps, easst to separate the two casesl deal with bending and unbending separately.
For bending the bend seam can either be specified as a set of existing edges or created
automatically by, say, specifying a line (and a possibly also a pldhe line does not lie on the
surfaces whre the bend seam is to be inserted) and a starting face and letting the operation create
of find a connected series of intersection edges lirleerplane. Whichever method is chosen, the
edges in the seam have to be marked or recorded in some way so that they can be iddwdiiied.

one face in the part to bmoved is chosen and puito a list. Faces are taken from this list
successively and all adjacent faces checked andptifdready processed, added to the list
providing that theface isnot on the oppsite sde of the bend seam. When the lisas been
processed it should contain all adjacent faces which have tooddied. It is alsgpossible to

check whether the list contains all faces in theobj If it doesthen the bend seam does oluise

off part of the object and the process should be aborted.

With the bending operation the bend angle is specified as an input parametesurfabes of all

the faces in the list of faces to be moved, the curves of all adjacent edges except those in the bend
seam and the vertex pasits of all adjacent vertices have to be medifi Themodification is, of

course, a rotation about thend axis by the given angle. Arte considerabn isthe degree of
accuracy of the bend, in that the operation is a simoulaf a physicaprocess. Imeality the bend

cannot be done exactly, there will always be a small rounding. It may or not may not be important
to represent this. |If it is iportantthen the bend edges need to be rounded/blended correctly.
Obviouslycare must be taken if the bend radius is large to avoid faces disappearing.

For unbending, inthe simple case where the seam is not blended, the bend seam edges should be
existing edges, usual only single edges which creatdbdhd seam with a matchiregflge. The

unbend angle is calculated from the tfmoe surfaces on opposite sidedhs bend seam edge so

that theface normals aftethe operation are parallel. In other respects the operation is similar. It is
necessary to identify the connected face set to be moved.

Although basically similar, the operation is maremplicated if unbending isntended as the

inverse of a bending operation which blended edges. In this case the bend seam consists of a set of
blend faces which need to be collapsed and the rest bbthedragged todker. To be able to do

this there are certain requirements about the geometry of the bend seam face$ace$he
themselves must lie in rdtanal surfaces which have an identifiable axisomder to be able to
calculate the appropriateahsformation. The faces should be fouesi, exceptionally two or

three are possible, but if the operation is inverting a blended bend then four wawldriaé One

pair of opposite edgesilvdisappear and the other opposite pair should be mengedisingle

edge, so must lie in curves which will be coincident afterrdmestormation.

Note, againthe special nature of thigeration. It is intended for special purpose and not as a
general operation. Of course, inngeal, a user might identify a wide variety of possible faces as

an unbend seam, but the general case is not appropriate for the operation. The logic is as an inverse
of a specialised operation. If the precormdis are notmet then the user should be informed that

the face is not appropriate and the operation stopped.
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3.2.8 Modelling operations on sheet models

One use of partial models is as feature primitives which can be editedh shape. For this
purpose it is possible to use @ean operations, so long te Boolean boundary doesn't cross the
boundary of the partial model. The process of editing the partial muded solid works the same
as for an intersection operation, the partial featooelel being the equivalent of an infinitely large
solid.

This is illustrated in figure 3.10.

Boolean operations for degenerate and radial edge models are more awkward. Figure 3.11 shows
the results of intersecting a cylinder and three kinds of smeeel. For theradial edge and
degerratemodels the interseion produces a doubleircular edge, one on each side of the sheet
(figure 3.11a,b), while for the partial model a single ring is produced (figure 3.11c). However, for
the radial edge modehe twomatching circular edges should batshed and cdesed. In all

three cases the intersection process should produce a single irdersdge orthe cylinder, but

for the degenerate model case there should, in principle, be a pair of matching edges. The result of
adding the cylinder is shown in figure 3.12. For thadial edge modethere is a single non-
manifold intersection searfor the degeneratmodel there is a pair of matching seams matching

the double seam in the cylinder. For the pantiatiel one half of the cylinder is removed.

From one point of view the partial model is the best adapted for Boofeenationsbecause it
behaves analogously tovalume model, unlesthe Boolean operation extends over the boundaries

of the partial model. In thetlver cases some extra work needs to be done to makéhatitbe
operation behazes inthe proper manner. The important questammcerns why the Boolean
operations should be used for shemidelling. Examine figure8.12 again, and examine the
meaning of the result. Is it appropriate to have a model of mixed dimensions, i.e. with special sheet
parts and/olumetricparts? There is, afourse, no standard answer, it depends orappécation

of the model type. Using addition faolume models and sheet modelsjigsionable,but it may

be useful to allow subtraction or intersection. Boolean operations between specialised sheet model
representations is a different matter, but the considerations are riffeékddition of sheet objects

is possibly a useful function. Subtraction and intersection of sheets may or may not be useful.
These are difficult questions to answer authoritatizelgause these specialised representations are
idealisations, and the meaning of the idealsaneeds to be con&iced when deciding which
operations to allow. In any case, ithsstrated above, the badioolean operation methahn be

used, but the number of special cases increases.

Sweeping, as an operation, has been deiit for sweep extending sheet models. Sweeping of
sheet models to produce volumes is documeriseavéere (e.g. [Brai79], [Stro92]).

More important, here, are thgpecial purpose modellingperations,local operations, which
producespecial effets. A complete set of these ocan be producetbecause they are specialised
tools for performing specific directed changes appropriate for an apmiicat appliation area.
Two examples, which will be dealt with here, are:

Reflection
Chamfer/Blend.
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Reflection

The reflectionoperation for a sheehodel can be specified by giving a reflection plane or by
specifying a straigt, external edge. If the operation specified by giving an edge then the
reflection plane is calcated from the s@mce normal othe face at the edge. The saswat of

process is involved as for volumetric reflection, the object is checked to see that it doesn't cross the
reflection plane, a copy dhe compéte model is made and transformed with a reflection matrix
calculation fromthe reflecion plane and thethe original model and refited copy are joied (if
desired) at edges lying in the reflection plane.

Chamfer/Blend
This operation is only appropriate for internal edges of the sheet model, not for exterior edges.

For partialmodels this operation works exactly the same way as for a volumetric model.

For degeneratand radial-edge modetke problem is that there are twides tothe object and the
same change has to be made on both sides, agkeavwolumetric component will batroduced

into themodel. This process isuktrated in figure 3.13. W a radial-edge modéthe edge exists

on both sides of the moddut with a degenerate model it is necessary to search fanaiehing
edge, unless these are associateth wointers. The operation is othase smilar to the
volumetric case, the degenerate type of sineadel chamfering eacbdge being chamfered or
blended separately. For thedial edge modehe chamfer takeslace betweemappropriate pairs of
loop-edge links, the new edges created having to be mergedduptikerafter the operation. In
this respect it is easier to considenvertingthe edge to be chamfered to a degenerate form, then
performing the chamfer, and finally merging back the edges.
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4. Non-manifold modelling in solids

Non-manifold modelling in solids may be useful for particular applicatibnsthecomplications
introduced by having generatructures cause many complicats for general algorithms. It is
necessary, yet again, to be clear about the philosophy of use, the reason for having the special
representations so as to have a consistent understanding of how to handle special cases.

Many of the same consideratiorleeady mentionedor sheet models are also relevant for solids as

well. There is the same potential ambiguity Hadial edges as already mentioned, unless they are
arranged in pairs. There is the same lack of associativity between degenerate edges, unless they are
specifically associated.

The ambiguity of radial edges can be illustthbyconsidering the case of two cubes which have a
common non-manifold edge. The questof amiiguity arises when it is necessary to know
whether thecubes just touch eadther, or whether there is an infinitely timeck of material link

the two cubes. The question ispiontant when operating on the edge. If, say, the edge is
chamfered then there are two different results, depending on the interpretation. Either the chamfer
operation separates the modified cubes or fattens the neck (figure 4.1).

The lack of associativity between edgesgha degenerate model is impamt, for example, when
splitting an object through the degenerate edges. The resultingnsémte will have two
coincident vertices which need to be merged to ctbateorrect result (figuré.2). If there is no
indication that an edge art of a ‘degenerate’ edge s&tgd no link between the coincident edges,
then it is difficult to know when a vertex has to be merged without extensive checking.

Two applications to illatrate the use of non-manifofdodelling in solids might be finite-element
analysis and process planning.

4.1 Finite element analysis

Here it isnecessary to create a cellustructure, dividing the interior of the objeota volumetric
components while maintaining the cells as a whole.

The cells are created by inserting internal fanés the olect. The internal faces are linked to the
exterior of the object atormal edges, which then become non-manifolgesd Each volumetric
element created this way can then be handled separately while all the cells are still integrated as a
whole to represent the original model.

One important process is to be able to identify the connected faces which make up a cell. Here the
use of the “link clockwise/counterclockwise round edge from link” fimncis inportant so that the
correctface tscan be found. The definition of clockwise and anticlockwise is done with respect

to the direction of the edge. To find the external faces of the object, the dedkvetion is used,

starting at an external face and proceeding round the object. To find all faces in a cell, the counter-
clockwise relation is used.

One facility, present in the ACIBiodeler, is the use of dol#ssided faces. These add an extra
dimension to the preceding discussion. The tmoahlied facesre logical as a means of saving

18



space, but they add an extra set of special cases which must be handled. They functioh,im effe
the same way as a pair of back-to-b&tes,but must be treated differentlyThe single link for a
double sided face works, in efte as a pair of links, wherhecking material-within-raterial or
pairing links. Theforms described before are closer to treatimap-manifold models as special
cases, the doldsided face is a step awdgom that, and should hence be treated with more
caution.

4.2 Process planning

The same sort of cellular structure, menéd above, is alsaseful inprocess planning. In process
planning there are usually several options which can be chosen to manufacture a part. The different
options give ise to different sets of &ures and different intermedé models. The use of non-
manifold models in this case is to be ablerégord the different stages of manufacture as a
compound, cellular model. The same cdasations outlined above apply heleoa
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