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Abstract During product design, the modification of
computer-aided design (CAD) models is frequently required.
However, modifying a boundary representation (B-rep) mod-
el, which is a typical type of CAD model, is difficult and time
consuming. To address this problem, we propose a method for
modifying B-rep models. In the proposed method, a B-rep
model is decomposed into simple volumes by stepwise vol-
ume decomposition. A pseudo feature tree called the compo-
sition tree is generated with the decomposed simple volumes.
A user can modify the B-rep model by transforming or delet-
ing constituents of the composition tree and then replaying the
updated composition tree. To demonstrate the proposed meth-
od, a prototype system was implemented, and experiments
with test cases are performed. Based on the experimental
results, we verified that B-rep models could be easily modified
using the proposed method.

Keywords B-rep model modification - Cell-based
decomposition - Composition tree - Stepwise volume
decomposition - Volume split - Wrap-around decomposition

1 Introduction

Nowadays, everything from small parts to large assemblies is
designed on a computer-aided design (CAD) system and is
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represented by 3D CAD models. Moreover, CAD models are
used throughout the product life cycle including design, engi-
neering analysis, manufacturing planning, testing, design
modification, maintenance, and so on. Specifically, during
the design phase, the best design is reached through many
iterations [1—4]. During the iterations, exchange of CAD
models with design or downstream applications and modifi-
cations of CAD models are frequent. However, the fact that
design or downstream applications do not use a unique CAD
model makes the modifications of CAD modes difficult.

To represent the shape of a CAD model, commercial me-
chanical CAD systems adopt a hybrid modeling approach that
uses both a boundary representation (B-rep) model and a pro-
cedural model. In a B-rep model, the shape is explicitly repre-
sented by geometric elements such as points, curves, and sur-
faces and topological elements such as vertices, edges, and
faces. B-rep models are used for shape visualization, geometric
calculations, and user interactions. Because B-rep models do
not contain the modeling history to construct the shape, it is
very difficult to modify the shape. On the other hand, the shape
in procedural models is represented by the sequence of model-
ing operations that generates the primitive shapes. Procedural
models can be easily modified by changing the arguments or
the modeling sequence of the modeling operations [5—7].

For the exchange of CAD models between design or
downstream applications, indirect translation methods based
on neutral CAD model formats such as the initial graphics
exchange specification (IGES) and the standard for the ex-
change of product model data (STEP) are used. In these
methods, a CAD model from the sending CAD system is
translated into a neutral CAD model, and then, the translated
neutral CAD model is translated into a CAD model for a
downstream application. However, most of the neutral CAD
models do not provide the information structure needed to
represent procedural models. For this reason, after a CAD
model is exchanged using neutral CAD models, the
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information in a procedural model becomes lost. Therefore, it
is difficult to modify CAD models in downstream
applications.

To solve this problem, we propose a method for modifying
B-rep models. In the proposed method, a B-rep model is
decomposed into simple volumes, and a pseudo feature tree
consisting of the decomposed simple volumes is generated.
The tree is called the “composition tree.” After a user trans-
forms or deletes simple volumes of the composition tree, a
modified shape is generated by replaying the updated compo-
sition tree. The shape modification using the composition tree
is not as easy as that using a procedural model. However,
simple modifications such as changing the diameter and depth
of'holes, and moving the position and orientation of the partial
volume, are possible. In particular, the proposed method could
be very useful when downstream applications need to modify
the exchanged B-rep models.

Rapid volume decomposition of a B-rep model is impor-
tant for the realization of the proposed method. For that
purpose, we developed stepwise volume decomposition. In
stepwise volume decomposition, simple volumes are
decomposed by sequentially applying cell-based decomposi-
tion [19] and other methods. The main characteristics of
stepwise volume decomposition are that a B-rep model is
decomposed into subtractive volumes as well as additive
volumes and that the total decomposition time is reduced.

The remainder of this paper is organized as follows. A
discussion of related works is given in Section 2. The com-
plete procedure and details of the proposed method are pre-
sented in Sections 3 and 4, respectively. Experiments with a
prototype system and suggestions for the enhancement of the
proposed method are discussed in Section 5. Our closing
remarks and a summary are given in Section 6.

2 Related works

In this section, related works are examined from three points
of view: CAD model exchange, volume decomposition, and
the modification of B-rep models. This study was motivated
by the need to exchange data between CAD models. Volume
decomposition is closely related to stepwise volume decom-
position. Finally, our goal is the modification of B-rep models.

2.1 Exchange of procedural CAD models

The International Organization for Standardization (ISO)
TC184/SC4 published STEP AP203 edition2. This standard
specification includes the information structure for
representing procedural models in order to overcome the
limitation that STEP AP203 editionl supports only B-rep
models [5]. Nonetheless, commercial CAD systems still do
not support STEP AP203 edition2. As alternatives for the
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exchange of procedural CAD models, the macro-parametric
approach [8—10] and a method based on universal product
representation (UPR) [11] have been proposed. Although
these methods enable us to easily modify CAD models in
receiving CAD systems, this is possible only when sending
CAD system transfer procedural information of a CAD mod-
el. For that reason, these methods have a limited range of
applications, and they cannot be applied to B-rep models.

2.2 Volume decomposition methods

Volume decomposition methods are used to decompose a
complex shape into simple volumes. They are mainly used
to recognize machining features [12—14] and are often used in
other engineering areas [15, 16]. Volume decomposition is
divided into convex decomposition [17, 18] and cell-based
decomposition [19, 20].

Convex decomposition recursively decomposes an original
shape into its convex hull and the delta volume between the
convex hull and the original shape. In this method, an original
shape is represented by a constructive solid geometry (CSG)
tree which consists of Boolean unions and subtractions of the
decomposed volumes. However, convex decomposition can-
not be applied to shapes with curved surfaces because it is
difficult to define the convex hull of a curved surface.

Cell-based decomposition decomposes an original shape
into maximum volumes that do not contain concave edges
within them. To find the maximum volumes, an original shape
is first decomposed into cells with simple shapes. Then, the
cells are combined to find the maximum volumes. In this
method, the decomposition of an original shape is represented
by Boolean unions of the maximum volumes and can be
applied to the shapes with quadric surfaces. However, the
amount of time required to find maximum volumes by com-
bining the cells exponentially increases with the number of
cells. To overcome this disadvantage, Woo proposed the fast
cell-based decomposition approach [21]. Although his meth-
od can find the maximum volumes in a relatively short time, it
sometimes finds incorrect maximum volumes.

2.3 Modification of B-rep models

A simple and direct method for modifying B-rep models is to
replace the surfaces of faces of the model with other surfaces.
However, this method is likely to cause errors because related
topological elements, such as the adjacent edges and vertices,
should be modified when the surfaces of faces are modified. If
the topological elements need to be changed to modify B-rep
models, applying this method becomes more difficult.

Kim and Han [23] proposed a method for modifying B-rep
models by using cell-based decomposition. In their method, a
model is decomposed into maximum volumes using cell-based
decomposition. The maximum volumes are recognized as design
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features using feature recognition techniques, and a procedural
model including design features is generated by using a macro-
parametric approach [8—10]. Therefore, it is possible to modify a
shape in a commercial CAD system. However, their method is
only applicable to simple shapes since the cell-based decompo-
sition is very slow for complex shapes.

Woo and Lee [22] proposed a method to modify B-rep
models by using selective cell-based decomposition. In their
method, a model is decomposed into only two parts based on
the selected face: the maximum volume that contains the
selected face and the other volume. This enhances the decom-
position time. After the maximum volume including the se-
lected face is modified, it is reunified with the other volume,
and the modified shape is generated. However, negative vol-
umes such as holes cannot be modified in this method because
the maximum volumes are only represented with a Boolean
union in cell-based decomposition.

Table 1 shows a comparison between previous works and
our work. The major difference is that our stepwise volume
decomposition is faster even though a whole model is
decomposed, and the decomposition makes the modification
of negative volumes possible.

3 Method for the modification of B-rep models

The procedure for modifying B-rep models is shown in Fig. 1.
First, to modify a shape, it is decomposed into simple volumes
(Fig. 1a). For the decomposition, stepwise volume decompo-
sition is used. The volumes are then modified (Fig. 1b). After
completing the modification, the decomposed volumes are
reunited into one volume (Fig. 1c).

3.1 Stepwise volume decomposition
3.1.1 Volume decomposition procedure

Volumes decomposed by using various methods are shown in
Fig. 2. As shown in Fig. 2a, cell-based decomposition decom-
poses the shape into only the additive volumes. The rectan-
gular hole cannot be decomposed. To modify the dimensions
of the hole, the four additive volumes around the hole should
be modified. Cell-based decomposition has the disadvantage

Table 1 Comparison table between previous works and our work

that it takes considerable time to decompose volumes. Convex
decomposition can decompose the additive and negative vol-
umes, as shown in Fig. 2b. However, convex decomposition
generates fictitious faces that do not exist in the original shape.
Furthermore, convex decomposition cannot be applied to
shapes with curved surfaces.

Stepwise volume decomposition decomposes the shape as
shown in Fig. 2c. This method has the following distinct
characteristics compared to cell-based decomposition and
convex decomposition. First, an original shape is decomposed
into both additive volumes and subtractive volumes. Second,
this method can be applied to shapes with quadratic surfaces.
Finally, it is possible to decompose a complex shape within a
reasonable amount of time.

Using stepwise volume decomposition, the procedure for
decomposing a B-rep model is shown in Fig. 3. The steps of
the procedure are explained in detail in Section 4. The proce-
dure is summarized as follows:

[l Decompose an original shape by removing fillets, rounds,
and chamfers.

[J Decompose the volume by applying the wrap-around
operation to remove concave spaces such as holes.

[J Decompose the volume by applying the volume-split
operation to split the volume into several parts.

[J  Apply cell-based decomposition to the volumes.

The wrap-around operation of stepwise volume decomposi-
tion finds and removes concave spaces. Using the wrap-around
operation, a shape can be decomposed into subtractive volumes.

Every operation used in stepwise volume decomposition can
process quadratic surfaces. For free-form surfaces, the fillet,
round, chamfer removal, wrap-around operation, and volume-
split operation can be applied, but cell-based decomposition can
be applied only to quadratic surfaces. To apply cell-based
decomposition to free-form surfaces, the surfaces should be
able to be extended. However, it is ambiguous to define exten-
sions for free-form surfaces. It may be possible to extend a free-
form surface to the direction tangent to the surface at the
boundary, but this does not give meaningful results.

The computation time of cell-based decomposition expo-
nentially increases with the number of cells, and the number of
the cells is closely related to the number of concave edges of a
shape. Both the wrap-around operation and the volume-split

Our method

Woo and Lee [22] Kim and Han [23]

Whole model

Stepwise volume decomposition

Region of decomposition
Decomposition method
Decomposition time Fast

Editable volume type Positive and negative volumes

‘Whole model

Cell-based decomposition

Selected region
Selective cell-based decomposition
Fast Slow

Positive volumes Positive volumes
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Fig. 1 Procedure for modifying
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(b) (C) Modified
decomposed — decomposed —
shape
volumes volumes

operation remove some of the concave edges; thus, the num-
ber of the cells for cell-based decomposition is reduced. As a
result, the total volume decomposition time decreases.

In some cases, it is reasonable to exchange the sequence
between the wrap-around operation and the volume-split op-
eration. Therefore, we implemented a prototype system to
allow a user to change the order of these two operations.

3.1.2 Representation of the volume decomposition results

After stepwise volume decomposition is applied, a composi-
tion tree is generated as shown in Fig. 2. The composition tree
is the result of the decomposition and has the following
characteristics:

* The nodes represent decomposed volumes, and the links
represent the type of volume (additive or subtractive).

* The root node represents the original shape.

* The leaf nodes represent the volumes that are not to be
decomposed further.

* The volume of a parent node represents the result of
Boolean operations of the volumes in the child nodes. If
the child node represents an additive volume, the volume
is added using a regularized Boolean union. If the child
node represents a subtractive volume, the volume is
subtracted using regularized Boolean subtraction.

Fig. 2 Comparison of volume L\’ m‘
N L\

decomposition methods: a cell- [\\‘a '\‘a
o

based decomposition, b convex )
decomposition, and ¢ stepwise
volume decomposition |+ \’ +
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* There is an order among the sibling nodes. That is, the
operation of the node that appears first has the highest

priority.

When a shape is sequentially decomposed using stepwise
volume decomposition, the child nodes are appended at each
step. Volume decomposition is completed after the cell-based
decomposition is applied. At this time, the leaf nodes repre-
sent the final volumes obtained from stepwise volume
decomposition.

3.2 Modification and reunion of the volumes

After a shape is decomposed into simple volumes by using
stepwise volume decomposition, a composition tree is obtain-
ed. A user can modify the decomposed volumes by translat-
ing, rotating, scaling, copying, and deleting specific nodes of
the composition tree.

Consider the volume decomposition case shown in Fig. 4a.
When scaling is applied to volumes (1) and (2), the size of some
of the shapes can be changed, as shown in Fig. 4b. When rotation
or translation is applied to volumes (3) and (@), the position of
some of the shapes can be changed, as shown in Fig. 4c. The
number of holes can be changed by copying volumes (3) and @),
as shown in Fig. 4d. The shape can also be modified by deleting
volumes (3) and @), as shown in Fig. 4e.

(b) (©)
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B-rep model

l

Fillet/round/
chamfer removal

Wrap-around

Volume split

Cell-based
decomposition

l

Volumes
Fig. 3 Stepwise volume decomposition procedure

After modifying the decomposed volumes, every volume
of the composition tree is reunited. This generates the modi-
fied shape. Because the reunion is performed using only
Boolean operations, it is possible to modify the shape without
considering the problem arising from topology change.

4 Details of stepwise volume decomposition
4.1 Removal of fillets, rounds, and chamfers

Fillets and rounds are features used for smoothing
sharp corners and edges, improving handling safety,

Fig. 4 Modification examples of
decomposed shapes: a
composition tree, b scaling of
volumes (D) and (2), ¢ rotation of
volumes (3) and @), d copy of
volumes @) and @), and e deletion
of volumes (3) and @)

Fig. 5 Round and fillet removal and its composition tree representation

enhancing strength by reducing stress concentrations,
and improving aesthetic appearance. However, fillets
and rounds make volume decomposition difficult be-
cause they make shapes more complicated [24]. When
cell-based decomposition is used, concave edges are
used as clues for the decomposition. However, filleted
or rounded edges remove concave edges. Consequently,
it is important to remove fillets and rounds before the
decomposition. For similar reasons, chamfers should be
removed.

A representative method to remove fillets and rounds
was proposed by Zhu and Menq [24]. However, we
used the functions provided by the ACIS geometric
modeling kernel.

When fillets are removed from a shape, a volume is
removed, and when rounds are removed from a shape,
a volume is added. Therefore, the added volume and
the removed volume should be represented in the com-
position tree. Let S be a shape before fillets and

(b)

() (e)
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Convex inner loop

(@) (b) ()

Fig. 6 Concept of wrap-around operation

rounds are removed and T be a shape after fillets and
rounds are removed. Then, the added volume F by the
fillets and the removed volume R by the rounds are
represented as follows:

F=8"T
R=T-"S

The composition tree of the decomposition of S due
to fillet and round removal is represented as shown in
Fig. 5.

The ACIS geometric modeling kernel also provides cham-
fer removal functions. Therefore, chamfers can be removed by
a similar method with fillet and round removal.

4.2 Wrap-around operation

The wrap-around operation [25], which is similar to wrapping
a shape with a plastic wrap, finds and fills holes or concave
spaces in a shape. We used the wrap-around operation to

4 '/6 S

S

=n

D=W-'$ 9/0

Fig. 7 Composition tree representation of wrap-around operation
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decompose subtractive volumes. Because the wrap-around
operation removes concave inner loops, it reduces the number
of cells. As a result, the operation reduces the time required for
cell-based decomposition. The wrap-around operation plays a
role similar to calculating a convex hull in convex decompo-
sition. In contrast to finding the convex hull, the wrap-around
operation does not generate fictitious faces.

The algorithm of the wrap-around operation is shown in
Fig. 6 and is summarized as follows:

[] Find and mark the convex inner loops in a shape. In
Fig. 6a, the inner loop on the top face is a convex inner
loop.

[l Separate every face. In Fig. 6b, the original shape is
separated into seven faces.

[ Find and remove the marked inner loops in the separated
faces. In Fig. 6¢, the inner loop on the top face is removed.

[J  Sew all the separated faces. At this time, there are faces
that cannot constitute solids. In Fig. 6d, there are one solid
and four faces after sewing.

[l Asshown in Fig. 6e, delete the faces that cannot constitute
solids.

[l As shown in Fig. 6f, unite the sewed solids with the
original shape by using a Boolean union.

The wrap-around operation described by Koo and
Lee [25] resulted in the solid shown in Fig. 6e. How-
ever, we modified the wrap-around operation to produce
the solid shown in Fig. 6f by applying a Boolean union
to the solid shown in Fig. 6e and the original shape
shown in Fig. 6a.
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Concave inner loop
/F Cells
e Qe
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Fig. 8 Volume-split operation and its composition tree representation

Figure 6a and f show the results before and after
applying the wrap-around operation, respectively. As
shown in Fig. 6f, the concave space shaped like a
hole disappeared. As a result, the number of cells
generated by the cell-based decomposition was
reduced.

Let S be a shape before the wrap-around operation is
applied and W be a shape after the wrap-around operation is
applied. Then, S can be decomposed into W and W—*S, as
shown in Fig. 7. Sometimes, inner loops remain such as D
shown in Fig. 7. In these cases, the wrap-around operation is
again applied to D.

4.3 Volume-split operation

When a shape has a concave inner loop, the shape can
be split into two parts based on the loop. In this study,
we call this the volume-split operation. It is similar to
the cutting operation of the convex decomposition de-
scribed by Kim [18]. However, the cutting operation
cannot be applied to shapes with curved surfaces. The
algorithm of the volume-split operation is shown in
Fig. 8, and its details are as follows:

[J Let S be an original shape. As shown in Fig. 8a, find the
concave inner loop of S.

[1 Duplicate the face having the concave inner loop. Then,
let F be the duplicated face.

[1  Remove the inner loop from F.

Concave edge

(C)) (b)

Fig. 9 Maximum volume decomposition and its composition tree representation

[ Unite S and F by using a non-regularized Boolean union.
Then, S has two distinguished cells, as shown in Fig. 8c.

[ Separate the cells into the volumes, respectively, as shown
in Fig. 8d. Then, the decomposition of S can be repre-
sented by the composition tree shown in Fig. 8e.

After the volume-split operation is applied, the number of
concave edges is reduced. As a result, the number of the cells
generated by the cell-based decomposition is also reduced,
and application of the volume-split operation reduces the time
needed for cell-based decomposition. In addition, face F
shown in Fig. 8 can be interpreted as a reference face on the
base cylinder, which is referred to by the small cylinder. By
this interpretation, the volume-split operation decomposes
shapes more meaningfully than call-based decomposition.

One reason to use the wrap-around operation and the
volume-split operation is to remove concave edges from a
shape. Other methods, such as graph-based methods, can be
used as an alternative if they can achieve the same goal.
However, it is difficult to decompose a shape having
intersecting features by using graph-based methods. In con-
trast, the wrap-around operation and the volume-split opera-
tion can decompose shapes having intersecting features.

4.4 Cell-based decomposition
In stepwise volume decomposition, maximal volume

decomposition [20] among the cell-based decomposition
approaches is used. Maximal volume decomposition

Maximum volumes P +* - v
SN . I - > ’ [ : h .
V B

(c) (d)
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Fig. 10 Prototype system
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decomposes shapes into simple volumes called maximal
volumes. If a volume V satisfies the following condi-
tions, ¥ is a maximal volume of a solid S [22]:

ycs.

V does not have a concave edge.

Every half-space of Vis a half-space of S.

B¢V, where B is a volume that satisfies the above
conditions.

I By o R

To decompose a shape into maximal volumes, every con-
cave edge of the shape is searched, the faces sharing the

"w@-!' Q&

L ’l%'d‘ ny oF i‘ll’ El
a— o —

HW\‘% - L) &a & R
| =a =ags suko HE mesas 9w

concave edges are extended, and then, the shape is
decomposed into cells. Then, the cells are combined until they
satisfy the condition of the maximal volume. The concept of
the maximal volume decomposition algorithm is shown in
Fig. 9.

5 Implementation and experiments

A prototype system that modifies B-rep models was imple-
mented by using the proposed method, as shown in Fig. 10.

Fig. 11 Stepwise volume

decomposition of the elbow part removal

Round/fillet/chamfer

>> Wrap-around >> Volume split >
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(c)
Fig. 12 Modification of the elbow part: a the original part, b step holes
are removed, and ¢ the inner diameter of the elbow is changed

For the implementation, the C++ language, ACIS geometric
modeling kernel, Hoops3D visualization library, and
Microsoft foundation classes (MFCs) were used. The compo-
sition tree shown on the left-hand side of Fig. 10 shows the
result of the stepwise volume decomposition, and the screen
shown on the right-hand side of Fig. 10 shows the
decomposed volumes.

(©)
Fig. 14 Modification of the ANC101 part: a original part, b some holes
on the top face are removed, and ¢ two pocket features are moved

5.1 Experiments with test cases

Figure 11 shows the result of stepwise volume decomposition
for the elbow part. It took 1.81 s to decompose the part on a
PC with an Intel Core i7 CPU and 8 GB of RAM. Additive
volumes and subtractive volumes occurred together as a result
of the volume decomposition. If the cell-based decomposition
is applied, such subtractive volumes cannot be decomposed.

Round/fillet/chamfer >> Wrap-around >> Volume split
removal

>> Cell-based
decomposition

Fig. 13 Stepwise volume decomposition of the ANC101 part

o

<

> i i +i

(o0&
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Fig. 15 Limitations of the
proposed method

In the example shown in Fig. 11, the volume decomposition
was completed at the volume-split step, and cell-based de-
composition was not performed.

Figure 12 shows the result of the modification of the
elbow part using the decomposed volumes shown in
Fig. 11. Figure 12b shows the removal of the step holes
in the flange, and Fig. 12c¢ shows a change in the inner
radius of the elbow part. Modification of such subtrac-
tive volumes is not possible when cell-based decompo-
sition or convex decomposition is used.

Figure 13 shows the result of stepwise volume decompo-
sition of the ANC101 part. 1.78 s was needed to decompose it
using the same PC. Additive volumes and subtractive volumes
are shown together in Fig. 13.

Figure 14 shows the modification result of the ANC101
part based on the volume decomposition shown in Fig. 13.
The removal of some holes on the top face is shown in
Fig. 14b. Figure 14c shows two pocket features translating
on the side face.

5.2 Suggestions for the enhancement of the proposed method

Stepwise volume decomposition has several limitations.
First, because stepwise volume decomposition decom-
poses a shape into convex volumes, the shape cannot
be decomposed further even though the shape is com-
plex, as shown in Fig. 15a. However, both cell-based
decomposition and convex decomposition also have this
limitation.

Second, if inner loops do not exist in a shape, the
wrap-around operation and the volume-split operation
cannot be applied. As a result, the stepwise decomposi-
tion becomes cell-based decomposition. Consequently,
the time needed for volume decomposition increases.
Because the decomposed volumes overlap each other,
it is difficult to modify the shape. In the case shown in
Fig. 15b, the shape is decomposed into seven

@ Springer

overlapped volumes, which makes it difficult to modify
the shape.

Finally, when the shape next to rounds and fillets is
modified, the rounds and fillets should also be changed.
However, it is not easy to modify the shape in such a
way by using stepwise volume decomposition. In
Fig. 15c, one of the blades is modified, but the fillets
next to the blade are not modified. This can be partially
addressed by using the method proposed by Zhu and
Menq [24]. Their method finds and stores rounded or
filleted edges and applies the rounds or fillets to the
stored edges after modification. However, if the topolo-
gy changes after modification, this method cannot be
applied.

6 Conclusion

We propose a method for modifying B-rep models. This
method is based on stepwise volume decomposition. When
B-rep models are modified using the proposed method, it is
easy to modify the shapes without procedural model informa-
tion, and it is not necessary to consider the topology changes.
Using stepwise volume decomposition, it is possible to mod-
ify subtractive volumes, whereas using cell-based decompo-
sition, it is not. In addition, while cell-based decomposition
takes considerable time to decompose, stepwise volume de-
composition reduces the time needed to decompose the shapes
by applying the wrap-around operation and volume-split op-
eration. Convex decomposition cannot be applied to shapes
with curved surfaces. However, stepwise volume decomposi-
tion can be applied to shapes with quadric surfaces.
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