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Abstract. Sharing feature-based computer-aided design (CAD) models is a challenging problem that is frequently encountered
among heterogeneous CAD systems. In this work, a new asymmetric strategy is presented to enrich the theory of feature-based
interoperability, particularly when addressing a singular feature or singular sketch. This paper analyzes the semantic asymmetry
singular feature interoperability (SA-SFI) and parameter asymmetry singular sketch interoperability (PA-SSI) in detail. We pay
special attention to the problem of PA-SSI, which is universally significant in collaborative product development (CPD). The
objective of PA-SSI is to develop an optimized model to exchange a singular sketch (spline) to ensure that the exchanged model
both maintains high geometric fidelity and can be effectively edited in the target CAD system. The proposed method applies the
estimation of distribution algorithm (EDA) to automatically solve this problem, and a Gaussian mixture model (GMM) is built
according to the promising solutions. Furthermore, Hausdorff distance is adopted to calculate the fitness, and a local optimization
operator is designed to enhance the global search capability of the population. Experimental results demonstrate that the proposed
approach can maintain a sufficiently high geometric fidelity, and ensure that the exchanged model of the target CAD system can
be parametrically edited.
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1. Introduction poration among involved companies which are located
in different areas through dynamic alliance.
Design reuse is particularly important in engineering

applications because many common subparts of dif-

With the development of economic globalization,
CPD (Collaborative Product Development) has be-

come state of the art method in developing prod-
uct, which involves process simulation and CAD
(Computer-Aided design)/CAE (Computer-Aided En-
gineering) systems [76/79U80].

Collaboration helps individual users and companies
to manage, share and view CAD projects without the
cost and complexity of purchasing an entire PDM
(Product Data Management) or PLM (product lifecy-
cle management) solution. It makes more companies
in the supply chain specialized, and also enhances cor-
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ferent CAD models are reused [[13U81]). It is estimated
that approximately 80% of designs are variant and/or
adaptive designs [28]. Because of the differences in
history development and cultural background, different
companies often adopt different CAD systems to de-
velop products. Even within a company, designers ap-
ply different CAD systems because of the differences
among the different design domains and stages. There-
fore, establishing a CSCW (Computer-Supported Co-
operative Work) based CAD system [2736] and apply-
ing interoperability among heterogeneous CAD sys-
tems have become inevitable technological problems.
The interoperability among heterogeneous CAD sys-
tems is a challenge for both industrial and academic
fields, which includes two keys points:
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— How to ensure that the exchanged model main-
tains a high geometric fidelity.

— How to ensure that the exchanged model can be
effectively edited in the receiving CAD system.

Feature-based interoperability among heterogeneous
CAD systems is a hot topic in the study of CPD. How-
ever, some of the well-known methods, which are re-
viewed in Section 2, still lack the ability to exchange
a singular feature or singular sketch (See Definitions 8
and 14). And a singular feature or singular sketch is re-
placed (such as “rewrite method” of UPR in [64H66])
with its geometry representation. Therefore the target
users who receive the model must work with ‘frozen
model’ [16], and the original intent from source de-
signers cannot be understood by target users. A new
asymmetric method of the semantic asymmetry singu-
lar feature interoperability (SA-SFI) and the parameter
asymmetry singular sketch interoperability (PA-SSI) is
presented to overcome this limitation in this paper.

This paper focuses on analyzing the singular sketch
of the interoperability problem and also on establishing
a relevant optimization model. Then, the estimation of
distribution algorithm (EDA) is adopted, and a Gaus-
sian mixture model (GMM) is built according to the
selected individual. In addition to applying the Haus-
dorff distance to calculate the fitness [14121)41173], a
local optimization operator is designed to enhance the
global search capability of the population. A set of ex-
periments have been conducted on both simulated and
real test models to validate the effectiveness of the pro-
posed method. The proposed method can maintain a
sufficiently high geometric fidelity and ensure that the
exchanged model of the receiving CAD system can
be parametrically edited. The major contributions and
highlights of this paper are as follows:

— A formal method to completely describe feature-
based interoperability is adopted.

— An asymmetric strategy for singular feature inter-
operability is presented.

— An optimization model to tackle typical singular-
ity is introduced.

— Efficient algorithm to recover singular parameters
in target CAD system.

— Detailed analysis of the efficiency and accuracy
of the proposed algorithm.

The remainder of this paper is organized as follows:
In Section 2, the related work is briefly reviewed. Sec-
tions 3, 4 and 5 embody the major contributions of
this work. Since the issue of feature-based interoper-
ability was not clearly defined in existing literatures,

Section 3 adopts a formal method to completely de-
scribe the related definitions and analyze the frame-
work and problems in feature-based interoperability.
Section 4 presents a new approach to solve the prob-
lems based on asymmetric feature-based interoperabil-
ity. Section 5 proposed an EDA method which solves
the singular sketch of interoperability problem in de-
tail. Section 6 demonstrates and analyzes a series of
experiments. Finally, the conclusions of this study are
discussed in Section 7.

2. Related works

Existing CAD data exchange methods can be di-
vided into two categories [71]: geometry-based data
exchange (GBDE) and feature-based data exchange
(FBDE).

Currently, among different software packages, GB
DE is typically implemented using neutral file for-
mats (IGES [31] or STEP [60]) or proprietary for-
mats without losing the original legacy data archives.
To make designers more creative, commercial CAD
systems provide the feature-based modeling technique,
which is an extension of Constructive Solid Geome-
try (CSG) [69]]. Commercial CAD systems have ad-
vanced solid modeling capabilities, so that GBDE can-
not satisfy the requirements of CPD because it only ex-
changes the boundary representation of a model. The
design intents, which include the construction history,
parameters, constraints, and features, may be lost dur-
ing the exchange process [23].

The second class of CAD data exchange method,
FBDE is desirable because it ensures that the CAD
models obtained after exchange are editable and may
avoid the geometric tolerance problem of GBDE.

According to the theory of representations for rigid
solids [67]], the representations of solid modeling are
unambiguous and unique, and this mathematically un-
ambiguous theory has constituted the basis of neutral
representation standards and centralized architecture
for GBDE. The theory indicates the existence of unam-
biguous representations of geometry although GBDE
must consider the precision of the representation and
computing of a computer [62/63]]. In contrast, most of
the modern commercial CAD systems provide a fea-
ture modeling technique, but there is no uniform stan-
dard on the feature modeling technique. Even if they
represent identical geometric effects, the representa-
tions of the feature-based parametric modeling are di-
verse. In other words, there is no unique representation
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of feature modeling among heterogeneous CAD sys-
tems. This complexity makes it difficult to establish an
unambiguous standard for FBDE; thus, the problem of
interoperability of a singular feature or singular sketch
is more prominent in FBDE.

All modern CAD systems are based on the feature-
based design paradigm, also called parametric design
and history based design [29]]. Hoffmann and Juan [30]
proposed a high-level, generative, textual representa-
tion for feature based solid modeling, which is called
Erep (editable representation, Erep). Erep is a spec-
ification for the representation of sequential feature-
based design processes. Hoffmann et al. [18420] also
proposed a method of exchanging CAD models in
terms of their construction history. Although this work
was a theoretical breakthrough, it did not explore the
corresponding practical applications.

ISO created the Parametrics Group of Working
Group 12 (WGI12), which has been led by Pratt in
the mid-1990s to conduct the research on ISO-FBDE
methods [40157H59U61]]. ISO-FBDE attempts to ex-
pand the STEP (Standard for the Exchange of Product)
capabilities by adding new parts that support FBDE,
such as 10303-55 [32], 10303-108 [33l39], 10303-
111 [34], 10303-112 [35]. These parts of the STEP
standards provide the STEP neutral format for ISO-
FBDE. Because the representations of feature model-
ing among heterogeneous CAD systems is not unique;
thus, ISO-FBDE made slow progress. Although the
Parametrics Group of WG12 was established in 1994,
either examples or implemented systems supported
by the work results were limited until 2007. Com-
pared to ISO-FBDE, ISO-GBDE (STEP) took about
10 years from the beginning of standardization to be
more broadly adopted among the modern commercial
CAD systems. Furthermore, the ISO-FBDE method
does not specify how to handle singular feature or sin-
gular sketch.

The macro-parametric approach [22/23!3846154],
inspired by the data recovery mechanism of database
systems where log files are used for the recovery, is
based on the macro information. The macro informa-
tion is a neutral representation of the modeling com-
mands sequence or modeling history, which is not
unique either. Thus, the macro-parametric approach
encounters the same problem as ISO-FBDE. The main
advantage of the macro-parametric approach is its abil-
ity to exchange the design intents, but it cannot ex-
change singular feature or singular sketch among the
heterogeneous CAD systems.

In addition, similar studies have been performed
for the parametric exchange of “round shapes” be-

tween a mechanical CAD system and a ship CAD sys-
tem [45/47]. This paper proposes a method to resolve
the problem that occurs when exchanging data between
two CAD systems of two different domains: feature-
based CAD systems (mechanical CAD systems) and
a non-feature-based CAD system (the AVEVA Marine
system).

Although the macro-parametric approach enables
the mapping among different terminologies with an
identical meaning but different syntax, the mapping is
performed syntactically, not semantically. To consider
the semantic aspect, Seo et al. [68] extended this ap-
proach by developing an ontology based on the macro-
parametric approach to achieve semantic interoperabil-
ity between feature-based CAD models. In addition,
Samer et al. [1]] proposed a method to share CAD mod-
els based on the construction of a common design fea-
tures ontology, which also considered semantic inter-
operability of knowledge in feature-based CAD mod-
els.

The universal product representation (UPR) [64-66]
presented an improved centralized architecture that is a
union of the data types supported by commercial CAD
systems instead of their intersection. The contributions
of the UPR method are shown in two aspects:

— Union of the data. When creating the neutral fea-
ture information, UPR uses a union of the data in-
stead of attempting to find the unambiguous rep-
resentation, which overcomes a major problem in
ISO-FBDE and the macro-parametric approach.

— Feature rewrite. UPR uses a geometric model
when the data types cannot be exchanged using
only the parametric information, which is a com-
promise mechanism to prevent the problem from
occurring during the interoperability of a singular
feature or singular sketch.

The aforementioned studies (ISO-FBDE, macro-
parametric approach, UPR) focus on the representation
of feature modeling, which is the most common issue
in FBDE. Another important issue is how to retrieve
the modeling process; no efficient method is available
for this purpose. Li et al. [48/49] proposed a procedure
recovery approach (PRA) method to attempt to resolve
this problem; they presented a two-stage mechanism
to recover the modeling process of a feature model in
the source system and subsequently used the exchange
procedure to simulate a human modeler to reconstruct
the feature model in the receiving system.

This paper attempts to resolve the problem of in-
teroperability for a singular feature or singular sketch
based on the theory of PRA. According to the geome-
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try of a singular feature or singular sketch in the source
CAD heterogeneous system, the equivalence of geom-
etry of a feature or sketch in the receiving CAD sys-
tem can be automatically recovered. Com-pared with
ISO-FBDE and the macro-parametric approach, this
paper specifies the interoperability of a singular fea-
ture or singular sketch among heterogeneous CAD sys-
tems. Compared with UPR, this paper surpasses the ge-
ometry replacement method in which the singular fea-
tures are replaced with geometry [64-66]. Under the
premise of sufficiently high geometric fidelity, the ex-
changed model of the receiving CAD system can be
parametrically edited.

The work in this paper is also related with design
automation because the feature-based model in tar-
get CAD system is automatically reconstructed. De-
sign automation of one-of-a-kind engineering systems
is considered a particularly challenging problem. Adeli
and his associates have been working on novel de-
sign theories and computational models with four cat-
egories: (1) interactive representation systems [4458]];
(2) knowledge engineering [2I316455170]; (3) software
engineering [[7410i24]; (4) relational databases [[78].

3. The theory of feature-based interoperability

3.1. Formalization method for feature-based
interoperability

Although the research focus of feature interopera-
tion in this paper is different from that of feature-based
multi-resolution model in [42/44], this section takes
advantage of the formal method to describe the prob-
lem.

It is well known that the modeling procedure is a
series of operations on features and sketches, but the
issue of feature-based interoperability was not clearly
defined in existing literatures. According to the charac-
teristic of feature-based interoperability between het-
erogeneous CAD systems, a set of formal definitions
related to feature-based interoperability is provided.

— Definition 1: Feature model. The feature model
consists of a series of features (such as: Extrusion,
Pocket, Hole and Fillet); the definition is provided
as follows:

M=J M

where M describes a CAD feature model and f;
is the ith feature in M.

— Definition 2: Feature. A feature consists of one or

more sketches and the related feature parameters;
the definition is provided as follows:

r={U_, si»} @)

where S; is the i'" sketch in f and p denotes the
corresponding parameters related to f.
Definition 3: Sketch. A sketch consists of a series
of elements (such as: Line Segment, Rectangle,
Circle, Ellipse and Spline) and related constraints
(such as: parallelism, symmetry and coincidence);
the definition is provided as follows:

UL ULl o

where S describes the sketch, s; is the 7th element
in S, and ¢, is the jth constraint in S.

The feature model includes many features and
the corresponding design intent, which belongs to
an implicit type. Unlike feature representations,
which contain the design intent, the boundary rep-
resentation uses geometrical information to un-
ambiguously and completely represent the object.
Therefore, the feature model will ultimately be
translated into boundary representations, which
belong to the explicit type.

Definition 4: The geometric effects of feature
model. Let Brep(M) denote the boundary rep-
resentation of the CAD feature model; thus, the
geometry of CAD feature model is g(M) =
Brep(M).

Definition 5: Feature-based interoperability. The
goal of feature-based interoperability is to seek
a list of features to create a feature-based target
CAD model M’ using features that are as similar
as possible to the source CAD model M, whose
geometry is equivalent to that of M. Then, the fol-
lowing equation holds:

g(M) = g(M’) 4)

Definition 6: Non-singular feature. If a feature f
in the source CAD system has a 1:1 feature in tar-
get CAD system, the feature f is called a non-
singular feature in the source CAD system rela-
tive to target CAD system, denoted as fP.
Definition 7: Semi-singular feature. If a feature
f in the source CAD system does not have a 1:1
feature in target CAD system, but it has 1: n fea-
tures in target CAD system, the feature f is called
a semi-singular feature in the source CAD system
relative to target CAD system, denoted as f1.
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— Definition 8: Singular feature. If a feature f in

the source CAD system has neither a 1:1 feature
nor 1: n features in target CAD system. Then, the
feature f is called a singular feature in the source
CAD system relative to target CAD system, de-
noted as f5.

Definition 9: Direct feature interoperability. Giv-
en a non-singular feature f in the source CAD
system, a feature f” in the target CAD system can
be found according to the rule D/ while main-
taining the geometry of f equivalent to that of f”.
Then, D is called DFI, which is represented as

f=DI(f), st g(f)=g(f) (5)

Definition 10: Indirect feature interoperability.
Given a semi-singular feature f in the source
CAD system, n (n > 1) features f/ (with identical
semantics to f) in the target CAD system can be
found according to the rule I¥ while maintaining
the geometry of f equivalent to that of n (n > 1)
f!. Then, 1/ is called IFI, which is represented as

P (UL #) st =0(UL, )
©)

Definition 11: Singular feature interoperability.
Given a singular feature f in the source CAD sys-
tem, there is no feature or feature set that has iden-
tical semantics according to the rules D/ and 1/.
According to a particular rule S/, n (n > 1) fea-
tures f’ (with different semantic from f) in the
target CAD system can be found while maintain-
ing the geometry of f equivalent to that of n (n >
1) f!. Then, S/ is called SFI, which is described
as

=8 (UL 5) statn=0(UL, )
™

Definition 12: Non-singular sketch. If an element
s in the source CAD system has a 1:1 element in
target CAD system, the element s is called a non-
singular sketch in the source CAD system relative
to target CAD system, denoted as sP.

Definition 13: Semi-singular sketch. If an ele-
ment s in the source CAD system does not have a
1:1 element in target CAD system, but it has 1: n
elements in target CAD system, the element s is
called a semi-singular sketch in the source CAD
system relative to target CAD system, denoted as

st

— Definition 14: Singular sketch. If an element s in
the source CAD system has neither a 1:1 element
nor 1: n elements in target CAD system. Then, the
element s is called a singular sketch in the source
CAD system relative to target CAD system, de-
noted as s°.

— Definition 15: Direct sketch interoperability.
Given a non-singular sketch s in the source CAD
system, an element s’ in the target CAD system
can be found according to the rule D? so that the
source feature f with element s and the target fea-
ture f/ with element s’ have identical geometries.
Then, D? is called DSI, which is represented as

s =+ D*(s), s.t.g(f) =g (f') ®

— Definition 16: Indirect sketch interoperability.
Given a semi-singular sketch s in the source CAD
system, n(n > 1) elements s’ in the target CAD
system can be found according to the rule I®, such
that source feature f with element s and the tar-
get feature f’ with n elements s have identical
geometries. Then, I° is called IS7, which is repre-
sented as

s=1 (U, s) . sta(N=g(5) ©

— Definition 17: Singular sketch interoperability.
Given a singular sketch s (the parameters of the
element in the target CAD system are singular)
in the source CAD system, an element s’ in the
target CAD system can be found according to the
rule S° so that the source feature f with element s
and the target feature f’ with element s’ have ap-
proximately similar geometries. Then, S* is called
SS1, which is represented as

s—=S°(s), st.g(f)=g(f) (10)
3.2. The frame of feature-based interoperability

The geometry is the basic function of CAD models.
The UPR uses geometry replacement to target model
M’ which is functionally equivalent to source model
M. In this paper, the proposed method uses feature
replacement to target model M’ which is function-
ally equivalent to source model M. As illustrated in
Fig. 1, the frame of feature-based interoperability in-
cludes three parts:

— A source CAD system;
— An interoperability module;
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Fig. 1. Framework of feature-based interoperability.

— A target CAD system.

Therefore, sharing a feature model from the source
CAD system to the target CAD system consists of the
following major steps:

— Using APIs from the source CAD system to re-
trieve the features and sketches of source model
M;

— Exporting an XML [[1274] representation of the
source model to the interoperability module;

— Converting an XML representation of the source
model to an XML representation of the equivalent
target model in the interoperability module;

— Importing an XML representation of the target
model to the target CAD system;

— Using APIs from the target CAD system to re-
construct target model M.

— Computing the Hausdorff distance between
source model M and target model M’.

In this framework, the feature-based interoperabil-
ity clearly depends on the interoperability of the fea-
ture and sketch. Therefore, exchanging the feature-
modeling procedure from a source CAD system to a
target CAD system requires the aforementioned DFI,
IFI, SFI, DSI, ISI and SSI. Without loss of generality,
the steps to manipulate the feature-based interoperabil-
ity among heterogeneous CAD systems are as follows.

— First, to classify the feature. Suppose that source
feature model M includes three types of features
P, fL, and fs, and their numbers are a, b — a,
and ¢ — b, respectively, where 0 < a < b < c.
Thus, M is represented as

c a b c
M:Ufi:UfiDU UfiIUUfiS
i=1 i=1

i=a+1 i=b+1

(11)

— Second, to exchange the feature data. Manipulat-
ing Eq. (11) according to DFI, IFI, and SFI, an-
other form of M is

M U0 (1)

=1

o U (v (U 5)
o U (5 (UL )

a+Z§-’:a+1 Wity Vi
= U fl=M" (12

%
=1

— Third, to classify the sketch. Suppose that feature
f in source model M belongs to the sketch-based
feature. Simultaneously, suppose that a sketch S
includes three types of elements s, s, s5, and
their numbers are a, 5 — a, v — [3, respectively,
where 0 < a < 8 < 7. This paper focuses on
studying the translation of the functions and pa-
rameters of the sketch and ignores the effect of the
constraints on the sketch interoperability. Thus, S
can be simply described as

S:

%

S; —

v
=1 3

a B vy
3? U U s% U U sis
=1 1=a+1 i=p+1
(13)
— Fourth, to exchange the sketch data. Manipulating

Eq. (13) according to DSI, ISI, and SSI, another
form of S'is

a+2f:a+1 Oi+vy—p

- U

i=1

sl =9 (14)

After the featured-based interoperability on source
CAD model M, under the premise of sufficiently high
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Table 1 Table 2
General examples of feature-based interoperability SA-SFI among different CAD systems

CatiaV5 Pro/E Method SolidWorks Target CAD system Method
Cut Cut DFI CatiaV5 Pro/E

Fillet Round DFI Flex (Bending)  Rib Trajectory rib  SA-SFI
Extrusion Extrusion, Datum plane IFI Flex (Twisting)  Rib Trajectory rib ~ SA-SFI
Shell Shell, Combine IFI Flex (Tapering)  Chamfer Edge chamfer SA-SFI
Line Line DSI Flex (Stretching) Pad Extrusion SA-SFI
Circle Circle DSI Dome Shaft Revolve SA-SFI
Polygon Line ISI Freeform Multi-section solid Swept blend ~ SA-SFI

geometric fidelity, ¢ source features of M can be re-
placed with a+ Z?:a 41 Wit Doy Vi target features
of M'. Meanwhile, v source elements of S can be re-
placed with v + > ;” | | 0; + v — 3 target elements
of S’. The feature representations of the target CAD
model M’ can be obtained by substituting S’ (Eq. (14))
into f/ (Eq. (12)) according to the relationship between
feature and sketch (Eq. (2)).

3.3. Feature-based interoperability: Problem
statement

Many studies have been conducted regarding the
four problems (DFI, IFI, DSI and ISI) and have ob-
tained satisfactory results. For example, for the feature-
based interoperability between CatiaV5 and Pro/E,
some general examples based on these methods (DFI,
IFI, DSI and ISI) are provided in Table 1.

Table 1 shows that the cut and fillet features in Ca-
tiaV5 have a 1:1 feature in Pro/E (cut and round, re-
spectively); thus, they can be processed using DFI.
However, the extrusion feature in CatiaV5 does not
have a 1:1 feature in Pro/E, but it can be represented
by a feature set (Extrusion U Datum plane) in Pro/E;
thus, it can be processed by using IFI. Similarly, the
line and circle in CatiaV5 has a 1:1 element (Line and
Circle, Respectively) in Pro/E; thus, they can be pro-
cessed using DSI. However, the Polygon in CatiaV5
does not have a 1:1 element in Pro/E, but it can be rep-
resented by an element set (U], Line;); thus, it can be
processed using ISI.

To our knowledge, the target CAD system does not
have a semantic feature that is identical to the singu-
lar feature of the source CAD system; thus, the singu-
lar feature cannot be processed using DFI or IFI. Sim-
ilarly, because the parameters of a sketch in the target
CAD system have a singular form in the source CAD
system, the singular sketch cannot be processed using
DSI or ISI. In previous studies [64H66], the singular
feature or singular sketch is replaced by its geometry
representation to avoid the problem of SFI and SSI.
As a result, the exchanged models cannot be readily

edited, and the original intent of the designer is lost.
Therefore, with these four problems (DFI, IFI, DSI and
ISI) solved, SFI and SSI become the largest bottleneck
for the development of feature-based interoperability.

4. Asymmetric feature-based interoperability

In this section, a new approach to solve the afore-
mentioned problems based on asymmetric feature-
based interoperability is proposed.

4.1. Semantics-asymmetry singular feature
interoperability

Because the popular commercial CAD systems pro-
vide a feature-based design technique, the feature
model is represented as a list of features. Some fea-
tures can be processed using DFI or IFI because there
is a feature or feature set with identical semantics in
the target CAD system. Because of the systems’ his-
tory, innovation and competition, different CAD sys-
tems have different respective singular features. As a
result, there is no feature or feature set with identical
semantics (which is also considered semantics symme-
try) in the target CAD system to source the singular
feature.

To make the exchanged singular features editable
and have high geometric fidelity, these singular fea-
tures can be replaced by a feature or feature set with
different semantics (which is also considered seman-
tics asymmetry). Therefore, the SA-SFI method is pro-
posed based on Eq. (7). According to this method,
some examples of processing the singular feature
among different CAD systems are provided in Table 2.

Table 2 shows that some case studies among het-
erogeneous CAD systems are provided later on in this
paper. Because SA-SFI among different CAD sys-
tems belongs to different cases, the solution also varies
among the cases. In contrast, because SSI is more gen-
erally applicable to SA-SFI, continuing to study SSI
is particularly important. The remainder of this paper
focuses on studying the problem of SSI.
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Table 3
High-level parameters of a spline in different CAD systems

Parameters CAD systems
Catia UG  Pro/E  SolidWorks

Interpolation V4 Vv V4 V4
Control polygons X Vv v v
Tangent driving Va X X V4
Tangent weighting X X X VA
Tangent direction X X X VA
Radius of curvature V4 X X v
Degree X Vv X X
Close spline V4 Vv X X
Smooth X X v X

4.2. Parameter-asymmetry singular sketch
interoperability

4.2.1. Difficulty of singular-sketch interoperability

To our knowledge, the spline is a typical singular el-
ement in the sketch layer among heterogeneous CAD
systems because different CAD systems introduce dif-
ferent parameters for the spline; thus, some well-
known FBDE methods cannot exchange the spline of
the sketch. The analysis presented below shows the
practical and theoretical problem of spline interoper-
ability for FBDE.

In mathematics, a spline is a numeric function that
is piecewise-defined by polynomial functions, which
have a sufficiently high degree of smoothness where
the polynomial pieces connect (which are known as
knots) [37]. Compared to the spline in mathemat-
ics [36], the spline of the sketch in mechanical CAD
systems is generated by CAD tools. Sophisticated
splines can be created in the CAD system by manipu-
lating CAD tools with high-level parameters that con-
veniently reflect the designer’s intent. The investiga-
tion and analysis of high-level parameters of the spline
among heterogeneous CAD systems are shown in Ta-
ble 3, where “y/” indicates that the CAD system pro-
vides the parameter and “x” indicates that the param-
eter is not available.

Table 3 shows that the high-level parameters of a
spline vary in different CAD systems. When attempt-
ing to exchange the spline parameters among different
CAD systems, it is impossible to find all high-level pa-
rameters in one CAD system that are identical with the
parameters from another CAD system, which causes
difficulties for SSI.

Figure 2 shows a typical example of processing
the spline among heterogeneous CAD systems. For
example, the machine part [75] contains a spline in
the source CAD system (SolidWorks) as shown in
Fig. 2(a). By reviewing related literature regarding

(© (d)

Fig. 2. Exchange complex model with spline. (a) Machine part in
SolidWorks; (b) Exchanged model in datia; (c) Exchanged model in
UG; (d) Exchanged model in Pro/E.

FBDE, it is apparently impossible to address this type
of complex model using DSI and ISI. When attempt-
ing to exchange this model using DSI (the interpola-
tion of high-level parameters was used as an FBDE in-
termediate), Figs 2(b)—(d) show the exchanged models
in CatiaV5, UG and PROJE, respectively. The four pa-
rameters of the model are identical, and the shapes are
inconsistent with one another. The experimental result
shows that the similarity between the original model in
the source CAD system and the reconstructed model in
the target CAD system is too low to be observed with
the naked eye.

4.2.2. Optimized model of PA-SSI

Similar to the singular feature, the spline cannot
be processed by either DSI or ISI and cannot be re-
constructed using identical parameters (which are also
considered as parameter symmetry) in the target CAD
system. To make the exchanged spline editable and
achieve high geometric fidelity, a PA-SSI method is
proposed based on the idea of SA-SFI. The approxi-
mate spline geometry in the target CAD system can be
automatically recovered according to the geometry of
the spline in the source CAD system.

In this paper, PA-SSI is derived from Eq. (10) and
formulated as an optimization problem (), which is
computationally solvable. Given a set of ordered points
of the spline in the source CAD system, a group of ran-
dom points (interpolations) must be selected to create a
spline in the target CAD system to minimize the error
between the splines of the two CAD systems.
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The mathematical model is provided as follows:
Given the source spline s, P = {p1,p2,...,Dm} is
a set of m discrete points in s, the target spline is &/,
and T = {t1,t2,...,t,} is a set of n interpolations
(the interpolation of high-level parameters was used as
an FBDE intermediate) for s’; then, problem Q) is de-
scribed as

Minimize: H(P, P') = max(h(P, P'),h(P’, P))

st.T—s, TCP (15)

where
h(P,P)= in dist (p,p’ 16
(P, P") max (pr,rgg/ is (p,p)) (16)
h(P,P)= in dist (p,p’ 17
(P, P) max (pl,glg, is (p,p)) (17)

where P’ = {p,p5,...,p.,} is a set of m discrete
points in s, the sign “—” represents reconstructing a
spline in the target CAD system, dist(., .) denotes the
Euclidean distance operator in R3, h(P, P’) denotes
the one-sided Hausdorff distance from P to P’ [9],
and h(P’, P) denotes the one-sided Hausdorff distance
from P’ to P. The two-sided Hausdorff distance be-
tween P and P’ is the maximum distance between
h(P, P') and h(P’, P). H(P, P’') measures the shape
similarity between P and P’. A smaller distance cor-
responds to a closer resemblance between s and s'. If
H(P, P’) =0, then the two geometry are nearly iden-
tical.

Given a source spline s (P is a set of m discrete
points in s), the interpolation set 7" has C, combina-
tions, one of which minimizes H(P, P’).

Because there is a huge search space to solve the
optimization problem, it is generally impossible for a
human being to find an optimal 7" that satisfies Eq. (15)
through human-computer interactions.

This paper uses computation power to automati-
cally determine the optimized locations and counts of
the interpolation set. EDA is robust for solving com-
plex, large-scale, nonlinear optimization problems.
The EDA method is adopted and a local optimization
operator is presented to the EDA to solve the problem.

According to current state of research, no other sys-
tem or approach adopts EDA to address the problem
of singular feature interoperability. In the next section,
the implementation of the EDA is described in further
detail.

5. The estimation-of-distribution algorithm for
optimization problem ()

Recently optimization problems have recently been
studied in both industrial and scientific contexts [9I15]
43I5272]. Tt is essential to select the appropriate opti-
mization algorithm for practical engineering purposes.

The EDA, which was introduced by Miihlenbein and
PaalB} [53]], is a population-based optimization algo-
rithm. In brief, an EDA estimates the probability distri-
bution of the most promising solutions and generates
new offsprings by sampling the probabilistic model. In
contrast to a genetic algorithm (GA), which uses the
crossover and mutation operators to generate solutions,
the EDA does not use crossover or mutation. Because
the EDA uses a probabilistic model to guide the evo-
lutionary process, it can avoid the blindness and ran-
domness of crossover of the GA, which improves the
searching efficiency and can quickly and reliably re-
solve many problems that are difficult for a GA. In ad-
dition, the EDA is a new optimization technique that
has been successfully applied to optimization, engi-
neering, cluster analysis, machine learning and design
problems [[L1].

5.1. Coding and initialization rules
In this section, an initial strategy is proposed to solve

this problem. The following two equations can be as-
sumed:

V11 V1D

X = o : (18)
vL1 VLD

x; = {vi1, vi2, ..., ViD} (19)

From this expression, the initial population X con-
tains L individuals, and each individual contains D
variables. Furthermore, each individual x; represents
a candidate solution of interpolation set 7" in target
spline s’

In particular, three criteria are used for the initial
population:

— A number of initial individuals z; are uniformly
distributed in point set P, and individual z;
should be selected according to point set P after
the first iteration.

— Individual x; cannot contain identical variables,
and the variables in individual x; must be ar-
ranged in ascending order.
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— The initial population X consists of L individuals,
where a large L indicates with a wide search area
but low efficiency, and a small L indicates with
an increased risk for local optimum but high ef-
ficiency. In order to strike a balance among these
considerations, L = 300 is recommended.

5.2. Fitness estimation

Fitness evaluation is the criteria for whether the in-
dividual in the population is promising, and it can di-
rectly affect the quality of promising individuals. Ac-
cording to the coding rule, there is a one-to-one corre-
spondence between individual z; and interpolation set
T'; thus, computing the fitness of individual z; is com-
puting the Hausdorff distance between source spline s
and target spline s’ [73]]. Thus, the fitness function is
defined as

F(z;) = H(P, P) (20)

where P is a set of m discrete points in s and P’ is a
set of m discrete points in s’. In each generation, the
fitness of every individual in the population is evalu-
ated. The better individuals receive lower fitness val-
ues, whereas the relatively worse solutions higher fit-
ness values. Based on the fitness value, the best I(I <
L) candidates are selected to generate a promising in-
dividual set 2° = {x1, 2, ..., z;} using truncation se-
lection, and the distribution probability of z° is esti-
mated subsequently.

5.3. Construction of the probabilistic model

The probabilistic model is the core of the EDA [50].
However, estimating the probability distribution from
the selected individuals is a complex problem. Com-
pared with a single Gaussian distribution, a GMM can
avoid trapping in local optima when addressing multi-
modal problems; thus, a GMM is adopted to describe
the probability distribution of variables in the popula-
tion [51].

For each individual z; in the promising individual
set 2%, its GMM is a weighted sum of K (number of
mixture components) component Gaussian densities as
provided by the equation

K
P (i |©)=> mpk (zi | 1) 1)
k=1

where x; is a D-dimensional vector, 7, where k =
1,..., K is the mixture weight, which satisfies the fol-

lowing constraint:

K

Zwkzl, 0<mp<l1 (22)
k=1

where © = {61, 6,,...,0x} is a vector of parameters.
0r = (uk, k) with mean vector uy and covariance
matrix .

The most popular and well-established method to
estimate the parameters of the GMM is the expectation
maximization (EM) method [25]. The basic idea of the
EM algorithm is as follows:

— Beginning with an initial model ©y, estimate a
new model O such that P(X|©) > P(X|Oy).

— Then, the new model becomes the initial model
for the next iteration.

— And the process is repeated until the model con-
verges.

5.4. Local optimization

EDA generates a new population by sampling the
probabilistic model of promising individuals in each it-
eration. However, the individuals of the new popula-
tion are not the final solution; according to the char-
acteristics of spline interoperability, the quality of the
population is further improved by changing the posi-
tion of some variables in the individuals.

Therefore, in addition to the EDA, a local optimiza-
tion operator is introduced to the EDA (LO-EDA), and
the definitions of local optimization are as follows.

— Definition 18: Candidate variable. Given a spline
s, P is a set of discrete points of s. Spline s’ is
reconstructed by individual x;, and P’ is a set of
discrete points of s’. The p of P is obtained by
solving the following maximization problem:

. . /

p = argmax (pl,lgg, lp—p ||> (23)
then, p is the candidate variable of individual x;,
denoted as ©.

— Definition 19: Debased variable. Given the candi-
date variable 0, if some variable v;q, v;q € x;, Oof
individual x; makes Z; satisfy the following equa-
tion:

& = (v; — {via}) U {0},
st. F (fz) <F (wz) 24)

then v;4 is the debased variable of individual z;.
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The procedure to apply local optimization to indi-
viduals is composed of three steps.

— First, the candidate variable ¥ is calculated using
Eq. (23).

— Second, whether there is a debased variable in in-
dividual z; is determined according to Eq. (24).

— Finally, if there is a debased variable v;q4, it is re-
placed by a candidate variable 0; if it does not ex-
ist, no operation is executed.

5.5. Major steps of the LO-EDA algorithm

The major steps of the LO-EDA algorithm for opti-
mization problem () are presented as follows:

Algorithm 1. Pseudocode version of the LO-EDA

I. t+0

2. while (not termination criteria) do

3. if t = 0 then

4. Xo < Generate L individuals at random.

5. else

6. X < Generate L individuals by sampling M(X?_,).
7. fori,i=1,...,Ldo

8. ¥ < arg max,e p(miny ¢ pr [|[p — p'll).

9. if F (i’l) <F (:cz) then

10. i = (x; — {via}) U {0}

11. end if

12. end for

13. end if

14. F(X¢) < Evaluate all individuals base on Eq. (20).
15. X t” < Select n promising individuals from X.

16.  M(X?) « Estimate the probabilistic model of X?.
17 t«t+1
18. end while

6. Experimental results

A number of experiments are conducted to verify the
efficiency and effectiveness of the asymmetric feature-
based interoperability.

— First, a set of experiments was conducted on both
mathematical curves and a spline in a CAD sys-
tem to assess the effectiveness of the proposed al-
gorithm (LO-EDA).

— Then, many examples of SA-SFI and PA-SSI
were analyzed based on the FBDE prototype sys-
tem of this paper.

— All experiments were executed on an Inter(R)
core(TM) 17-4470 (3.4 GHz), 8.00 GB, Windows
7.

6.1. Analysis of EDA algorithm

To evaluate the performance of the LO-EDA
method, it was applied to several examples from differ-

Table 4
Test functions used in this paper: Mathematical definition

Equation Domain Ref.
g1(z) = 90/(1 4 e~100(x—0.4)) x€[0,1] [T7]
g2(z) = 100/el19%=5] 4 (10x — 5)°/500 x € [0,1]  [T7]
g3(x) = sin(z) + 2e—30x° x€[-2,2] [26]
ga(z) = sin(2x) + 2165 42 x €[-2,2] [26]

ent fields. Example 1 focuses on applying the LO-EDA
method to mathematical curves. Example 2 discusses
the spline interoperability in the case study of PA-SSI.

6.1.1. Example 1: Mathematical curves

To enable the reader to easily validate the proposed
method, the LO-EDA method is first applied to mathe-
matical curves instead of the spline of a CAD system;
thus, it is a typical simulation experiment using MAT-
LAB. Without loss of generality, the LO-EDA is tested
on selected examples from the literature mathematical
formulation [26/77]]. To keep the paper at manageable
size, only four of them are considered here. Table 4
shows their corresponding mathematical equations and
associated domains. The table also includes pointers
to the bibliographic entries of which they have been
taken.

To evaluate the performance of the LO-EDA
method, the standard EDA and uniform distribution al-
gorithm (UDA) were selected for comparison. The dif-
ference between LO-EDA and EDA is that the latter
does not use a local optimization operator. The UDA
differs from the LO-EDA and EDA in that the place-
ment of interpolations is based only on an equal length
distribution of the source curve.

The steps of the UDA are as follows:

— Divide the source curve into D — 1 equal length
segments.

— Obtain D interpolations from D — 1 segments of
the source curve.

With the different search dimensionality and
method, the result is shown in Table 5. For each col-
umn from left to right, the total number of inter-
polations are 6, 8, 10, 12, 14 and 16, respectively.
And in each condition curves are fitted to the original
mathematical curves (Table 4) in three different ways,
namely UDA, EDA and LO-EDA. In Table 5, the val-
ues represent the related fitness value. The EDA and
LO-EDA were run 50 times, and the results were aver-
aged. By comparing different row, it is obvious that the
fitting precisions of EDA and LO-EDA are much bet-
ter than that of UDA. The precision rankings of these
three methods are LO-EDA > EDA > UDA. While the
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Fig. 3. Comparison of the spline approximation with the original mathematical curve.

comparison between different columns demonstrates
the fact that the greater the number of interpolations,
the smaller of the spline fitting error.

Take g4(x) as an example, the fitting results of the
comparison experiment with different search dimen-
sionalities and methods are shown in Fig. 3. In these
figures, the brown dashed line represents the original
mathematical curve, the blue “x” markers represent
the interpolations of the fitting curve, and the blue solid
line represents the approximation of the corresponding
spline. For each row from top to bottom, the total num-
ber of interpolations are 6, 10 and 14, respectively. And
in each condition curves are fitted to the original math-
ematical curve in three different ways, namely UDA,
EDA and LO-EDA.

As the reader can see, the proposed method yields
optimal spline fitting curves in all cases. The experi-
ment results are as follows:

— With a given number of interpolations, the LO-
EDA method consistently achieves the best re-
sults of all compared methods.

— When LO-EDA is adopted and the number of in-
terpolations is 10, the approximation of the spline
in Fig. 3(f) is superimposed onto the original
mathematical curve.

Compared with the EDA, the LO-EDA improves the
fitting precision by substituting a debased variable with
a candidate variable.

To further examine the effectiveness of LO-EDA
with a given search dimensionality (D = 10), the graph



D.J. Zhang et al. / Quantitative optimization of interoperability during FBDE

Table 5

Comparison of average fitness among three algorithms

43

Equation  Algorithm Number of interpolations
6 8 10 12 14 16
g1(x) UDA 1279.6 1765.1 1759.1 1661.3 1507.8 1347.2
EDA 1.167 £0.1061  1.010 £0.2109  0.807 £ 0.0607  0.558 £ 0.1074  0.182 +0.0322  0.156 4+ 0.0137
LO-EDA 1.014 £ 0.2810  0.944 £0.1022  0.779 £ 0.0967  0.490 + 0.0528  0.180 + 0.0413  0.119 4+ 0.0017
g2(x) UDA 182.06 9.5163 7.3395 6.8493 6.8156 6.1497
EDA 0.290 £ 0.0664  0.294 £ 0.0781  0.227 +0.0145 0.188 = 0.0112  0.173 +0.0087  0.170 £ 0.0049
LO-EDA 0.260 £ 0.0236  0.214 £ 0.0364 0.192 +0.0013  0.172 +0.0011  0.162 4+ 0.0008  0.161 £ 0.0002
g3(x) UDA 3.0050 2.0173 0.0743 0.2194 0.0372 0.0907
EDA 0.287 £0.0221  0.123 £0.0680 0.020 £ 0.0132  0.019 + 0.0051  0.011 +0.0014  0.008 4 0.0013
LO-EDA 0.221 £0.0440  0.092 £ 0.0472  0.016 & 0.0095  0.009 + 0.0021  0.007 4 0.0008  0.005 £ 0.0004
ga(x) UDA 0.6591 0.7764 0.1488 0.2692 0.1524 0.0642
EDA 0.398 £ 0.0677  0.213 £0.0428  0.121 £ 0.0204  0.051 £ 0.0102  0.016 + 0.0054  0.007 £ 0.0018
LO-EDA 0.367 £0.0531  0.195 £0.0289 0.112 £ 0.0478  0.039 + 0.0048  0.012 +0.0020  0.004 4 0.0011
' ' spline using PA-SSI in CatiaV5 is shown in Fig. 5(d),
- p= (L= MeanScore | which is visually indistinguishable from the original
curve.
05l | Figure 5(e) shows the reconstructed model (model

Fitness Evaluations
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Fig. 4. Fitness versus generation for g4 (x).

of the fitness according to the generations is shown in
Fig. 4. In this figure, the red line represents the best
fitness value, and the blue dots represent the average
value from 50 trials. The entire population reaches the
near-optima region in each iteration, but the population
diversity remains constant. Eventually, they converge
to the global near-optima.

6.1.2. Example 2: A spline in a CAD system

Example 2 discusses the spline interoperability in
the case study of PA-SSI between two mainstream
CAD systems is shown in Fig. 5, which is based on
secondary development API for CAD systems. Fig-
ure 5(b) shows the original spline of the complex
model (model a) (Fig. 5(a)) in SolidWorks.

Applying the DSI method (the interpolation of high-
level parameters are used as the FBDE intermediate),
the reconstructed sketch in CatiaV5 (Fig. 5(c)) is dif-
ferent than the original one (Fig. 5(b)) because the
ends of this curve become less straight. The exchanged

b) which is exchanged by DSI method in CATIA,
and Fig. 5(f) shows the reconstructed model (model
c) which is exchanged by PA-SSI method in CATIA.
There is a significant difference between model a and
model b because the Slot feature in model b is bent
more severely than the Cut feature in model a. In con-
trast, the curvature between the Slot feature in model ¢
and the Cut feature in model a are nearly consistent. In
addition, the HD (Hausdorff distance) between model
a and model b is 4.873, while the HD between model a
and model c is 0.0989. The good performance demon-
strates the advantage of PA-SSI method.

To further examine the effectiveness of LO-EDA
with a given search dimensionality (D = 13), the graph
of the fitness according to generations is shown in
Fig. 6(a). This result shows that the entire population
reaches the near-optima region after each iteration, but
the diversity of the population remains constant. Even-
tually, the populations converge at the global near-
optima.

As previously described, the aforementioned three
methods (UDA, EDA and LO-EDA) were applied to
compute an appropriate location of interpolations for
comparison. The results for the different search dimen-
sionalities and methods are shown in Fig. 6(b). To ob-
tain better performance, the search dimensionality D
is varied from 6 to 13. As expected from Fig. 6(b), the
LO-EDA method consistently achieves the best results
among the compared methods.

The LO-EDA can obtain better fitness by increasing
the search dimensionality of the individuals. An exces-
sive number of interpolations for the spline in the tar-
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Fig. 6. Performance analysis for case study of CAD spline interoperability. (a) Fitness versus generation for LO-EDA; (b) Comparison of the

fitness evaluations.

get CAD system introduce inconveniences for the de-
signer editing the spline. Therefore, an adequately ex-
changed spline should be obtained with the smallest
possible number of interpolations. In this example, the
geometry error of interoperability is acceptable when
the number of interpolations is 13.

The above tests with standard mathematical func-
tions and the real CAD case study verify that the pro-
posed approach leads to the best fitting result. Superior
to traditional geometric way, the proposed method ac-
complishes exchanging spline sketches with paramet-
ric information; the curves maintain optimal geomet-
rical similarity compared with the results of DSI and
UDA.

6.2. Case study of feature-based interoperability

6.2.1. Case study of SA-SFI

According to the SA-SFI method, as investigated
by our research, at least six examples of processing
the singular feature among different CAD systems are
listed in Table 2. Because SA-SFI among different
CAD systems belongs to different cases, the solution
also varies among the cases. For conciseness, this sec-
tion presents two examples of SA-SFI from a source
CAD system (SolidWorks) to other CAD systems (Ca-
tiaV5 and Pro/E).

As shown in Fig. 7(a), a nut contains a singular fea-
ture (Dome) in the original CAD system (SolidWorks).
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Table 6
Case studies of PA-SSI among different CAD systems

Target CAD system

Source CAD system

DSI

I

111

A

Compressor rotor blank h

Error: 02540

1740

352 nars mins

Error :

v

i a2 mas,

Handle

$1.232 Error: 0.0273

To our knowledge, the Dome feature can be replaced
only by its geometry representation, because there is no
feature or feature set with an identical semantic in the
target CAD system. As a result, the exchanged models
cannot be readily edited.

To solve this problem, according to the SA-SFI
method, the Dome feature in the source CAD system
(SolidWorks) can be replaced by the Shaft feature in
the target CAD systems (CatiaV5 and Pro/E), and the
exchanged models are shown in Figs 7(b) and (c), re-
spectively.

Similarly, the Flex feature in the source CAD sys-
tem (SolidWorks) is shown in Fig. 7(d), which can be
replaced by a Chamfer feature in the target CAD sys-
tems (CatiaV5 and Pro/E), and the exchanged models
are shown in Figs 7(e) and (f), respectively.

Thus, the SA-SFI method can maintain a sufficiently
high geometric fidelity and ensure that the exchanged
model of the target CAD system can be effectively
edited parametrically.

6.2.2. Case study of PA-SSI

This section provides four case studies of PA-SSI
from the source CAD system to the other CAD sys-
tem. To evaluate the performance of PA-SSI, the DSI
(the interpolation of high-level parameters was used as
an FBDE intermediate) was selected for comparison.
Section 6.1.1 describes the first case in detail.

In the second case which is shown in the third row
of Table 6, the original model (Cup) in CatiaV5 is on
the left-hand side, the exchanged model obtained us-
ing DSI is in the middle, and the exchanged model ob-
tained using PA-SSI is on the right-hand side. They



46 D.J. Zhang et al. / Quantitative optimization of interoperability during FBDE

(b)

Fig. 7. Exchange Dome (Flex) feature from SolidWorks to CatiaV5 and Pro/E. (a) Dome feature; (b) Shaft feature; (c) Shaft feature; (d) Flex

feature; () Chamfer feature; (f) Chamfer feature.
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Fig. 8. An example for collaborative design.

are called model a, model b, and model ¢ for short.
There is a significant difference between model a and
model b because the handle in model a is bent more
severely than the handle in model b. In contrast, the ge-
ometry shape between the Rib feature in model ¢ and
the Sweep feature in model a are nearly consistent. To
conduct a quantitative analysis between the DSI and
PA-SSI methods, the HD of model b and model ¢ with
model a are compared; the results are H(a,b) = 1.740
and H(a, c) = 0.2540.

In the third case which is shown in the fourth row of
Table 6, the original model in SolidWorks is on the left-
hand side, which is called the compressor rotor blank,
the exchanged model obtained using DSI is in the mid-
dle, and the exchanged model obtained using PA-SSI is
on the right-hand side. They are called model a, model
b, and model ¢ for short. As shown in these results,
the difference between model a and model b is larger

than that between model a and model ¢ because model
a and model b have different outline curvatures, and
the curvatures of the outlines of model a and model ¢
are rather similar. In addition, the HD between model a
and model b is H (a,b) = 1.076, whereas the Hausdorff
distance between model a and model ¢ is H(a,c) =
0.0348.

In the fourth case which is shown in the fifth row of
Table 6, the original model in CatiaV5 is on the left-
hand side, which is called the Handle, the exchanged
model obtained using DSI is in the middle, and the ex-
changed model obtained using PA-SSI is on the right-
hand side. They are called model a, model b, and model
¢ for short. As shown in these results, the similarity be-
tween the model a and model b is clearly too low, even
as observed with the naked eyes. The model c is vi-
sually indistinguishable from the model a. In addition,
the HD between model a and model b is H(a,b) =
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1.232, whereas the Hausdorff distance between model
a and model ¢ is H (a, ¢) = 0.0273. From this result, it
is clear that model a are different from model b, and it
is similar with model c.

To summarize, the solution results and comparison
in Table 6 show the feasibility of PA-SSI for asymmet-
ric feature-based interoperability regardless of the type
of function for the spline among heterogeneous CAD
systems.

6.2.3. Case study of assembly

In the collaborative production, OEM needs to ac-
quire the related parts from different suppliers and as-
semble them to get the final product model. Suppli-
ers may use various CAD systems for model design,
thus converting the heterogeneous CAD model parts
into neutral files is critical in real assembly. The neu-
tral files, which cannot be edited and modified by the
designers, are represented as geometric models in the
CAD system. Their transparency to users leaves an ob-
stacle for collaborative design.

Finally, a collaborative assembly experiment was
designed to verify the validity of the proposed method
in actual collaborative production, design and the supe-
riority compared to traditional method. As illustrated
in Figs 8(a), (c) and (d) are three parts: cam lever,
spring and base for assembling model. They are de-
signed in SolidWorks (cam lever) and CATIA (spring,
base) respectively. In a traditional way, the heteroge-
neous CAD system files should be converted to neutral
files for later assembly. More specifically, the homoge-
neous spring and base files can be loaded into the CA-
TIA directly to assemble model, while the cam lever
designed in SolidWorks has to be converted to neutral
STEP file and then loaded into CATIA for assembly.
The assembly result is illustrated in Fig. 8(f), the cam
lever part in the assembly model is a geometric model
and it is unable to be edited and modified as shown in
Fig. 8(e).

By contrast, the proposed method first conducts
parametric data exchange on heterogeneous CAD
model parts and then makes them homogeneous for
model assembly. Figure 8(b) shows the exchanged cam
lever feature model in CATIA system from SOLID-
WORKS system using the proposed method. As shown
in Figs 8(a) and (b), the model shape is consistent
with the original one after conversion. The final as-
sembly result is illustrated in Fig. 8(g), the converted
model can be used to complete the parts assembly suc-
cessfully. Figure 8(h) shows the original design infor-
mation has been fully preserved. Also, the exchanged

model in CATIA is still represented as feature model,
which can be further edited and modified.

The experimental results demonstrate that the pro-
posed approach can maintain a sufficiently high geo-
metric fidelity and ensure that the exchanged model of
the target CAD system can be effectively parametri-
cally edited.

7. Conclusion

In this paper, a new asymmetric method with SA-
SFI and PA-SSI is developed, which is considered an
improvement to the theory of feature-based interop-
erability. Compared with ISO-FBDE and the macro-
parametric approach, this paper specifies the interop-
erability of the singular features or singular sketches
among heterogeneous CAD systems. Compared with
UPR, the proposed approach surpasses the feature
rewrite method in which the singular features are re-
placed with geometry. The main contributions of this
paper can be summarized as follows:

(1) The theoretical aspect of feature-based interop-
erability. This paper adopts a formal method to
completely describe and analyze feature-based
interoperability in FBDE. From the perspective
of the fundamental difference between FBDE
and GBDE, the reason why FBDE is more chal-
lenging than GBDE and several key points in
FBDE are seriously investigated. The proposed
method of asymmetric feature-based interoper-
ability constitutes a promising and useful exten-
sion for the theory of feature-based interoper-
ability among heterogeneous CAD systems.

(2) The aspect of technology innovation. Using two
types of asymmetric methods (SA-SFI and PA-
SSI), the problems of feature-based interoper-
ability caused by heterogeneous representations
have been effectively solved. Specifically, ac-
cording to the geometry of a singular feature or
singular sketch in the source CAD system, the
equivalence of the geometry of the feature or
sketch in the receiving CAD system can be au-
tomatically recovered.

(3) The aspect of computing method. An optimized
model to solve the problem of PA-SSI is estab-
lished, and this problem is solved by using the
EDA. In addition, a local optimization operator
is introduced to enhance the global search capa-
bility of the algorithm according to the charac-
teristic of interoperability of the spline among
heterogeneous CAD systems.
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(4) The experimental results demonstrate that the
proposed asymmetric method is effective in ad-
dressing a singular feature or singular sketch un-
der the framework of feature-based interoper-
ability. It can maintain a sufficiently high geo-
metric fidelity of a singular feature model in tar-
get CAD system and ensure that the exchanged
model can be parametrically edited by target
CAD user.

Therefore, the proposed idea can be adopted by en-
gineering and industry in future work.

Also in the future, at least 4 following issues should
be investigated furthermore: (1) feature interoperation
of grouped elements (matching of m:n); (2) poten-
tial applications to 3D printing and the interplay be-
tween STL format and CAD format; (3) ontology-
based method after absorbing valuable information
from reference [74]; (4) integration of security issues
from reference [17] into FBDE.
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