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Abstract

Joints in product design are common because of the limitations of component geometric configurations and material properties, and the
requirements of inspection, accessibility, repair, and portability. Collaborative product design is emerging as a viable alternative to the
traditional design process. The collaborative assembly design (AsD) methodologies are needed for distributed product development. Existing
AsD methodologies have limitations in capturing the non-geometric aspects of designer’s intent on joining and are not efficient for a
collaborative design environment. This paper introduces an AsD formalism and associated AsD tools to capture joining relations and spatial
relationship implications. This AsD formalism allows the joining relations to be modeled symbolically for computer interpretation, and the
model can be used for inferring mathematical and physical implications. An AsD model generated from the AsD formalism is used to
exchange AsD information transparently in a collaborative AsD environment. An assembly relation model and a generic assembly
relationship diagram are to capture assembly and joining information concisely and persistently. As a demonstration, the developed AsD

formalism and AsD tools are applied on a connector assembly with arc weld and rivet joints.
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1. Introduction

In today’s global market, true competitive advantage can
only result from the ability to bring highly customized
quality products to the market at lower cost and in less time.
Product development has become a very complicated
process. Discrete product manufacturers are under pressure
from customers to move away from the traditional make-to-
stock production model to a build-to-demand model. Many
customers are no longer satisfied with mass-produced
goods. They are demanding customization and rapid
delivery of innovative products [1,2]. Industries now realize
that the best way to reduce life cycle costs is to evolve
a more effective product development paradigm using
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the Internet and web-based technologies. Yet there remains
a gap between these current market demands and current
product development paradigms. Today’s solid modeling
systems for assembly components, while adequate for
visualization purposes, cannot support other design activi-
ties, such as joining process analysis, manufacturing
analysis, and product design intent analysis [3].
Collaborative assembly design (AsD) is emerging as a
viable alternative to the traditional AsD process, in which
an AsD can be developed via an iterative process between
designers, manufacturers, marketing people, and ulti-
mately customers at different locations. This emergence
can be linked to the recent outburst of growth in the
development of the Internet and associated technologies.
There are some research efforts that are investigating the
assembly methodologies and protocols necessary for
distributed AsD. However, it is not still fully clear how
assembly and joint design should be implemented in
collaborative design environments. None of the existing
research has developed assembly formalism that accom-
modates joining processes. Thus, there is a strong need to
develop an assembly formalism to capture general
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Nomenclature

FF form feature

DC dimensional constraint
MF mating feature

JF joint feature

AF assembly feature
MB mating bond
MP mating pair

MC mating condition

P member of part class P, P; € P

FFj member of form feature class FF, FF; € FF

A; assembly structure class

J member of the assembly operation class %,/ € U

R member of the relationship class Z, R € #

DC, member of dimensional constraint class DC,
DC, € DC

RC

pq relational constraint between FF;

Jp and Fqu’
RC,, € {0,1,2}

0, if FF), € FF,
RC,, =1 1, if FF,, € FF,

2, otherwise

MF, member of mating feature class, MF, € MF,

MF, € FFj
JF, member of joint feature class, JF, € JF, JF, €
FFj
— belong-to relation
= inter-feature association relation

assembly/joining relation

assembly relationships and joining relationships of an
assembly.

In order to achieve high performance of a product in its
overall life-cycle, an intelligent AsD system should be able
to assist a designer during the product assembly and joint
design process. This can be achieved by, predicting
expected AsD problems, providing alternative suggestions,
and eventually solving assembly and joining problems. An
ideal intelligent AsD system should have the capability of
employing spatial relationships and joining protocols that
result in the physical realization of an assembly. Existing
designer systems have limitations on capturing the non-
geometric aspects of designer intent on an assembly with
joints. The result is that the designer in a CAD environment
cannot completely specify joining relationships on an AsD.
Therefore, the development of an assembly formalism to
specify the joining relationships symbolically is a pre-
requisite for an intelligent assembly modeling system.

In this paper, an assembly formalism, which can provide
mathematically solvable implications, is developed and
AsD tools are developed in a service-oriented collaborative
design environment. By using this AsD formalism,
assembly and joining relations are extracted from the
assembly and represented symbolically. The capturing
of assembly and joining relations to preserve design intent
is accomplished by using a spatial relationship kernel,
which represents the relationships within mechanical
assemblies. The AsD formalism can provide a concurrent
environment for designers to assign spatial relationships and
other assembly specifications onto the parts’ nominal
geometry and predict mathematical implications. Also, it
leverages an efficient design data sharing mechanism and
transparent assembly information flow in a collaborative
assembly development processes, which includes joining
analysis to predict physical effects from the specified joining
processes during the actual AsD stage and not after it.

2. Background and literature review

An assembly is a collection of manufactured parts,
brought together by assembly operations to perform one or
more of several primary functions. Assembly operation is
defined as the process or series of acts involved in actual
realization of assembly. Joining finalizes the assembly
operation and generates joints. Messler [4] divided the
primary functions of the assembly into three categories:
structural, mechanical, and electrical. Usually, assemblies
perform multiple functions, with some function being
primary and the others secondary. Thus, the joints in an
assembly also perform multiple functions. An example is an
automobile welded space frame. The assemblies must be
capable of carrying loads, so they must be structurally
sound. The loads being carried are another important
consideration to the purpose of creating or permitting
motion. In this case, the primary function of the joints in the
automobile frame is to provide a structural connectivity.
Also, it may have a secondary function of allowing certain
movement corresponding to vibration of the structure. To
achieve desired functions, diverse material properties and
multiple parts are often employed. In this instance, joints
must be created between those different components and
different materials. The joining of different materials to
achieve function is often a challenging aspect of joining,
such as the joining of transparent and brittle glass with a
tough structural metal frame.

To enable material and structural optimization, an
appropriate joint design is critical and can provide
additional benefits, in terms of damage tolerance by
changing properties along a potential crack path, and by
disrupting and arresting crack propagation. Local joints
should be compatible to the overall structure design. If a
deformation effect of a weld joint on a metal frame is
propagated onto a windshield area, it can result in a
fitting distortion problem between the window and the metal
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Fig. 1. Joining processes, adapted from Ref. [10].

frame [5]. Fig. 1 shows various joining processes. In this
paper, welding and riveting processes are specifically
considered as a framework. Some researchers [6-9]
developed mathematical models and applications to opti-
mize welding and riveting processes. However, they did not
present a methodology to connect their process optimization
tools and assembly modeling tools. Appropriate joining
processes should be selected considering various con-
straints, such as material, manufacturing, assembly, and
geometric constraints, as well as their physical effects.
Through this research, a fundamental AsD formalism has
been developed to impose joining information on an
assembly. This joining information is essential to determine
a proper joint design.

2.1. Distributed assembly design

Concurrent engineering offers substantial benefits for
new product development, and many companies are taking a
strong interest in the collaborative approach. Distributed
AsD is emerging as a viable alternative to the traditional
AsD process, in which an AsD can be developed via an
iterative process between designers, manufacturers, market-
ing people, and ultimately customers at different locations.
This emergence can be linked to the recent outburst of
growth in the development of the Internet and associated
technologies such as the Java programming language, as
well as the rapid advancements made in computing
technology that have led to the proliferation of powerful
and yet affordable computers. In fact, there are already
several systems, both commercial and research, that are
investigating the formalisms and protocols necessary for
collaborative engineering [11-15]. However, it is not still
fully clear how AsD should be implemented in collaborative
design environments [16—18].

Several research teams have generated partial solutions
to distributed concurrent design and development problem.
Wagner et al. [19] performed a feasibility study for how
the Internet can be used as an interactive resource during
design and manufacturing process. They tested their concept
on a simple fixture design. Cheng et al. [20] presented
a methodology to implement an Internet and Java-based
design support system. Boujut et al. [21] presented a
distributed design system for the design of forged parts in
attempt to achieve agility in design and manufacturing.
Mervyn et al. [22] employed Java RMI (Remote Method
Invocation) and XML technologies to realize an interactive
fixture design system. However, their works have
limitations to evaluate assembly models with respect to
manufacturability, assemblability, and ‘joinability’.

2.2. Service-oriented collaborative product development

The worldwide availability of technology, capital,
information, and labor makes today’s manufacturing enter-
prises global. Within this distributed economic and techno-
logical environment, the problem of how to let engineers
collaborate globally during the product development period
arises. Information incompleteness, inconsistency, and
improccessability are problems that collaborative design
groups are facing. Collaborative design tools are needed to
improve the collaboration among distributed groups, endorse
knowledge sharing, and assist better decision making.

Instead of looking at various engineering tools from the
traditional computation viewpoint, Nnaji et al. [23] focused
on the engineering implications of those tools from a more
abstract level. This approach assures good openness of
collaborative design and engineering systems. Their view of
design collaboration is service-oriented. With the rapid
growth of the number of networked computers, a tremen-
dous amount of resources is available online. The Internet



852 K.-Y. Kim et al. / Computer-Aided Design 36 (2004) 849-871

Service
Kanager

Fig. 2. Peer-to-peer relationships in service-oriented architecture.

is no longer a simple network of computers. From an
application perspective, the Internet is a network of
potential services. For example, in a three-tier web-based
database system consisting of the web browser, server, and
database, the web browser provides web document
presentation services for human users; the web server
provides data processing and retrieval services for the web
browser; and the database provides data storage services for
the web server. The Internet can be regarded as a complex
system of service chains. Computer-aided design and
engineering tools can be hooked up to the design platform
through the Internet and provide certain services resulting in
a distributed product development environment. This
incorporates different engineering services and makes
them available for automatic transactions in a collaborative
AsD environment. This product development environment
is called an ‘e-design and realization environment’.

In a service-oriented collaborative architecture, CAD/
CAM/CAE tools are connected by the Internet to form

2. Semwvice Lookup

3. Sewice

e — -

a distributed product development environment, which
incorporates different engineering services over the Internet
and making them available for transparent transactions in
product development. Each design tool for a designer
system can be a server that provides certain services
requested by clients, either within or external to the designer
system [23]. As shown in Fig. 2, servers within the system
have a peer-to-peer relationship with each other.

Service is defined as a process that provides a functional
use for a person, an application program, or another service
in the system. Services should be specified from the
functional aspect of service providers. To make an existing
tool available online or to build a brand new tool for such a
system, services associated with this tool should be defined.
The service transaction among service providers, service
consumers, and the service manager within this architecture
is shown in Fig. 3. Once a service is registered at a central
administrative manager, called the service manager, it is
then available within the whole system. This process

1. Service Publication

_ Service
Manager

<

Fig. 3. Service triangular relationship.
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is service publication. When a service consumer within the
system needs a service, it will request a lookup service from
the service manager. This process is service lookup. If the
service is available, the service consumer can request the
service from the service provider by the aid of the service
manager. Most importantly, this service triangular relation-
ship should be built at run-time. The service consumer
(client) does not know the name, the location, or even the
way to invoke the service from the service provider (server)
during the system and tools development period.

Service providers that provide different services such as
AsD component repository, finite element analysis,
material, etc. can be developed independently. As shown
in Fig. 2, servers that can provide different engineering
services are linked by the Internet. Each node in this
network can both require and provide certain services, thus,
it can be both client and server at different times. The client/
server relationship is determined at run-time, so the system
is open for the future expansion and extension, in case more
services are available.

AsD participants, such as customers, suppliers, assembly
designers, production engineers, and other stakeholders,
need to exchange AsD information seamlessly in a
collaborative environment. There should be common data
models and protocols available for them to share the
information. Those models and protocols should be widely
acceptable and easily implementable, as well as efficient for
information transferring. In this paper, AsD models are
generated based on the AsD formalism and exchanged
among design participants through the service-based
architecture.

2.3. Existing assembly design formalism

Related to AsD formalisms, Deneux [24] discussed the
necessity of assembly feature (AF) in design of complex
assembly. Holland and Bronsvoort [25] proposed the
concepts of a single-part feature model and an AF model
for assembly modeling. However, their AF concepts, which
considered only assemblies with mechanical fastening,
cannot be employed to assembly modeling requiring various
other joining processes. Whitney et al. [26,27] proposed a
formalism for AsD and focused on only fully constrained
assemblies and sub-assemblies. Even though they presented
a general methodology for AsD, many spatial relationships
in actual mechanical assemblies, e.g. between two cylind-
rical surfaces, between spherical surface and other surfaces
were not addressed. Also, effects on spatial relationship
from joining processes were not discussed.

Rémondini et al. [28] proposed assembly operators to
deal with the interface between geometric models and
analysis models. However, their research focused on
geometric aspects of the mechanical analysis model and
did not include the formalism to capture the information
about joining methods of assembly, which is essential to
represent the relationship between mechanical analysis

model and the joining method. Fu et al. [29] used a
graph grammar to represent and transform geometric
features. However, the method was to represent geo-
metric features of single parts and thus it has limitations
to represent joining relationship between geometric
features.

None of these researchers has developed an assembly
formalism that accommodates downstream AsD activities,
such joining analysis and design intent analysis in a
collaborative AsD environment. Thus, there is a strong
need to develop an assembly formalism to capture
designer’s intent on AsD and to consider assembly
processes and their effects.

2.4. Product assembly modeling and spatial relationships

Spatial relationships were first proposed by Ambler and
Popplestone [30] in 1975 to describe the relative positions
of parts in their final state by specifying feature relationships
among them. The spatial relationships include against,
coplanar, fits, parax, lin, rot, and fix. In the work of
Popplestone et al., the spatial relationships are concentrated
on the configuration of a part. Liu and Nnaji [31] focused on
the mechanical assembly specifications as well as the
configuration of a product, so that spatial relationships can
be applied to general assembly and are capable of accepting
the design specifications. Design with spatial relationships
was defined to infer the assembly positions, as well as to
capture designer’s intentions. Each spatial relationship, e.g.
against, parallel, aligned, incline-offset, include-angle, etc.
(Fig. 4), constrains the degrees of freedom (d.o.f.) of motion
between the mating entities (face, centerline, center
point, etc.).

In spatial relationships, two faces are said to be against if
the two faces are touching at some point and normal vectors
of those faces are in opposition where they touch. Any
combination of two geometric features can possess this
property. Two features are aligned if their centerlines are
collinear. By selecting the appropriate combination of
spatial relationships, the relative mating position with
moving d.o.f. of motion can be inferred. The spatial
relationships maintain this relative mating position
irrespective of the size of the mating entities. Liu and
Nnaji [32,33] applied spatial relationships in their work
based on a constraint-based product modeling environment
for mechanical assemblies, which evolved a framework for
a collaborative design advisory system.

RoboWeld-S, an automatic process planner for robotic
arc welding of Sheet Metal Weld Assemblies (SMWA)
[34,35] was developed based upon spatial relationships for
assemblies. Spatial relationships and AF formations rel-
evant to the feature-based modeling of SMWA were
presented in the work. However, their methodology cannot
explain physical and mathematical effects before and after
joining. Also, the AF should be expanded to represent
assemblies requiring joining processes.
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Fig. 4. Six types of spatial relationships.

In this paper, an efficient assembly formalism is
developed to represent general assemblies capturing
assembly/joining relationship of product assemblies in an
AsD model. Design with spatial relationships is the kernel
of the assembly component of this assembly formalism.

3. Assembly design formalism

An assembly relationship indicates which components
are assembled and their joining relationships; the joining
relationship denotes how assembly components are joined.
For example, two plates, A and B, are assembled by a
welding operation. The plates A and B have a joining
relationship of welding. To fully describe this assembly,
detailed information related to the assembly/joining
relationship should be captured in an AsD. The assembly
formalism, capturing assembly/joining relationships of a
product assembly, comprises of five phases: spatial
relationship specification, mating feature extraction, joint
feature formation and extraction, AF formation, and
assembly engineering relation extraction (Fig. 5). Each of
these phases will be described thoroughly in the following
sub-sections.

3.1. Spatial relationships specification

By interactively assigning spatial relationships, the
designer can assemble components together to make final
products and infer the d.o.f. remaining on each of the
components. The types of d.o.f. were classified as follows

[36]; lin_n: linear translation along n axis, where, n
contains a fixed point and a vector; rot_n : rotation about
n axis, where, n contains a fixed point and a vector; cir_n :
translating along a circle with n axis, where, the fixed point

Components

Assembly Design [AsD) Ergine

Spatial Relationship Specification

Mating Feature Extraction

Joint Festure Fonn ation and
E xraction

Assembly Feature Fonn ation

Assembly Engineering Relation
E xraction

A

(Esembly Design (&sD) Mode: i

Fig. 5. Procedures of the assembly design formalism.
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Fig. 6. Examples of assemblies and their spatial relationships. (a) T-joint; (b) lap_joint.

of n is center of the circle and vector of n is perpendicular to
the circle; plane_n, cyl_n, sph: translating along a planar,
cylindrical, and spherical surface.

Fig. 6 shows the assembly modeling examples by spatial
relationship. Plate_a and plate_b represent two plates
engaged in spatial relationships. Plate_b is joined onto a
relatively fixed plate_a and either plate can be a component
plate of a sub-assembly. f; is a top surface of plate_a and m;
is a bottom surface of plate_b. [; is an intersecting line. The
Tables in Fig. 6(a) and (b) provide the information on the
spatial relationships, geometric tolerances (4; and A,), and
d.o.f. associated with each assembly. In Fig. 6(b) and (d) is a
distance being specified for a lap joint. The d.o.f. of a part
are expressed as {d.o.f. of moving within the coordinate
system of the relative moving part :: d.o.f. of moving
within its own coordinate system}, with respect to the other
mating parts of the assembly. For a plane_z, d.o.f., a body
may move on a planar surface along two lin. When a new
plane_z, is introduced, the remaining d.o.f. is derived by
intersecting these two planes. The intersection of surface
d.o.f. are available only when a plane is involved, such as,
circle_n is the result of intersecting plane_z, with cyl_n (or
sph_n) together. In the intersection of two rotational d.o.f.,
say rot_z, and rot_gz,, if they share the same rotational axis
then rot_z, or rot_gz, remains; if not they cancel each other.
Nnaji et al. [36] presented some general reduction rules for
d.o.f. In assigning spatial relationships, the mating features
are defined and extracted from the parts.

3.2. Mating feature extraction

Generally, a feature is a region of interest within a part or
an assembly. Features might be considered from the aspect
of functionality, manufacturing, inspection, assembly, etc.
In other words, features are defined by attaching some sort
of attributes according to the user’s intention on the design.
For assembly modeling, it is necessary to first define and
extract the mating features for the operation of product
assembly. Usually, two assembly parts do not make contact
over their whole surface area; only features of each part are
in contact. The mating features are then derived from these
features in contact. The definitions of features used in this
work are listed below.

1. A feature is defined as a set of geometric entities
(surfaces, edges, and vertices) together with specifica-
tions of the bounding relationship between them and
which imply an engineering function on an object [32];

2. A form feature is defined as a set of geometric entities
(surfaces, edges, and vertices) together with specifica-
tions of the bounding relationship between them and
which have engineering/functional implications and/or
provide assembly aid, such as a center line of a hole, on
an object [32,37];

3. A mating feature is defined as a set of component
geometric entities of form features, which are needed to
relatively locate the parts according to their spatial
relationships in the whole product assembly.
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Fig. 7. Spatial relationships and their mating features.

Mating features are very important for representing
assembly and joining relationships between assembly
components, because actual assembly operations occur at
the mating features. Each spatial relationship has specific
mating features. For example, when a planar surface of one
part is assigned an against spatial relationship with a
cylindrical surface of another part, the planar face and the
cylindrical surface are the mating features of interest in the
assembled pair (Fig. 7(a)). In this fashion, spatial relation-
ships and related mating features provide fundamental
elements used to describe assembly. One reason for this is to
easily extract mating features universally from parts or
predefined features, which are usually diverse, because they
are intentoriented. From this point of view, the mating
feature of a part could be a planar face, a centerline of a
cylinder, an edge of a face boundary, etc. Therefore, the
mating features are determined by the types of spatial
relationships being specified and the geometric entities
being selected (Fig. 7). Mating feature extraction is a
preliminary step to capture joining information; however,
the mating feature extracted directly from spatial relation-
ship specification is not sufficient to represent joining
processes. For example, in Fig. 7(d), the centerline features
are not enough to represent the welding operation, since
actual weld seams will be around the contact area of
the two components. As shown in Fig. 8, the mating feature
between p; and p, should include the cylindrical surfaces.

mating feature
p1: centerline
p2: centerline

mating feature

p1: centerline
cylindrical surface

p2: centetline
cylindrical surface

Fig. 8. Mating features expansion of an aligned spatial relationship between
a cylinder and a hole.

Unfortunately, detailed joining information cannot be
directly captured from spatial relationships and mating
features. The next step is a joint feature formation process.

3.3. Joint feature formation

Generally, joining processes, such as welding and gluing,
happen on the mating entities, such as weld seams. Current
mating features of the mating entities have limitations on
representing special configurations for joining (e.g. weld
seams and grooves). As described above, the mating
features of Fig. 7(d) are not enough to represent a joining
location (weld seam), a joining method (welding), and
groove shapes. In this paper, to enable the description of
joining relationships, a new joint feature is defined as:

A set of information including joining methods, groove
shapes, joining components and entities, and joining
constraints, which is used to represent assembly/joining
relations.

The joint feature captures the information of actual
joining and it is represented in an AsD model as follows:

{joining methodlgroove shapel[joining components
(joining entities)]|[joining constraint]}

For example, if a simple t-joint (Fig. 9) is double-fillet
welded on two weld seams (e;, e,) assisted by fixtures
located at py, p,,...,ps, the joint feature can be described
as {gas metal arc weldingldouble filletl[fa,(e;), /b, ()],
[fa,(ey), /b ()Ip;1}, i =1,2,...,8. This joint feature is
generated from the input from designer’s specifications. The
joining entities, e; and e,, are part of mating features, fa;
and fb;. fa, is a bottom surface of plate a and fb; is a top
surface of plate b. The joining entities should be part of the
mating features extracted in the previous stage. If a designer
specifies a geometric entity, which does not belong to
the mating features as a joining entity, then it violates the
validity of joining. After joint features are determined, the
system is then ready to proceed to the next stage, AF
formation.
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Fig. 9. Example of a welded t-joint.

3.4. The assembly feature formation process

The purpose of AF formation is to group the mating
features and joint features together and thus integrate the
data embedded at the component design stage with new
assembly information for subsequent collaborative design
processes such as virtual prototyping and simulation,
assembly violation detection, process planning, etc.
Having designated spatial relationships, mating features,
and joint features, the system can then trace back to
the component design stage to determine from which
form features these mating features originate and what
their design specifications are. An assembly feature is
defined as:

A group of assembly information including form
features and joint features associated with mating
relations and assembly/joining relations, such that the
association includes a set of spatial relationships
between mating features, mating bonds, material,
remaining d.o.f., as well as other constraints implied
by the original intents on the form features.

Table 1
Example of assembly feature (for the welded t-joint shown in Fig. 9)

It is noted that the mating features provide links between
assigning spatial relationships for assembling components
and capturing engineering information (e.g. geometry and
joining relationships) necessary for the succeeding process,
and the AFs act as media to carry and transmit all
information to the downstream steps. Different assembly
operations imply different information and thus correspond-
ing AFs should be defined for specific assembly operations.
For instance, in weld assembly modeling, a weld AF is
composed of joint features for welding, mating features,
spatial relationships, mating bonds for each spatial relation-
ship, and implied constraints as shown in Table 1. The
mating bond is used to capture detailed engineering
relations among assembly components and is explained
in Section 3.5. Note that the design specifications such as
dimensions, positions, and joining methods represent
the design constraints at the component level and imply
some constraints in mating and joining relations from
the viewpoint of assembly and joining. An example of the
implied constraints can be found in the case of that the
tolerance of pin affects the tolerance between the hole and
the pin. After the AF formation steps are completed,
assembly engineering relations of an assembly can be easily
obtained from the AFs.

3.5. Extraction of assembly engineering relations

Assembly engineering relations of the entire assembly
can be extracted based on the AFs after specifying the
spatial relationships and joining methods between com-
ponents. A mating bond and a generic assembly relationship
diagram (GARD) are used to represent the engineering
relationships on the entire structure. The mating bond was
originally introduced by Liu and Nnaji [33] for assembly
representation. However, the mating bond has a limitation
on representing assembly engineering relations, in which
joining is considered. In this research, the GARD is
introduced to designate assembly engineering relations
graphically and the mating bond is extended to pass
necessary information to downstream assembly analyses.
The mating bond and the GARD provide an efficient design
data sharing mechanism in collaborative AsD environment.

Plate a

Plate b

fa, (planar_face)
Against
MBI (against)

Mating features
Spatial relationships
Mating bonds

Joint feature

Iy (face_edge)

Aligned

MB?2 (aligned)
{gas metal arc weldingldouble fillet|

[, (face_edge)
Aligned
MB?2 (aligned)

/by (planar_face)
Against
MBI (against)

Uai(e).for(1)): [far(ea). for (fo)NlIpd}, i = 1,2,...,8

Material
Designed d.o.f.
Implied constraints

Aluminum 6061-T6

{plane_z :: rot_z}, {lin_{; :: lin_[; }

Tolerance: *A4,;
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Mating B ol

Mating
Conditions

Mating Feature 1

[M-ﬁﬂg Feature 2] E\sse"ﬂy-‘ioiling]

relations

FormFeatwre1

1
FormFeatur:

Spatial
[ Relationship ][ D.OF. ]

Transformed
Geonmetric
Constraints

e2
Interfeature Dimensional Interfeature
Assocation Constraints Association

Dimensional
Constraints

Fig. 10. Mating bonds.

The structure of mating bonds is shown in Fig. 10. There
are two dominant groups of information defined in a mating
bond: mating pair and mating conditions. The mating pair
contains two mating features involved in the joining. The
inter-feature association of form features related to assem-
bly is used to record form features, sub-assemblies or
assemblies in which the form features associate. From the
mating features, the system traces back to its original
form features and inherits the implied constraints, e.g.
tolerance of the hole. The mating conditions include the
assigned spatial relationships, designed d.o.f., and assem-
bly/joining relations. Fig. 11 shows an example of mating
bond for aligned spatial relationship specified in a pin
assembly.

Mating Pair

As mentioned above, assembly engineering relations of
an assembly structure can be extracted based on the mating
features and joint features after specifying the spatial
relationships and joining methods between assembly
components. A mating bond is created once two mating
features on different components are selected and positioned
with each other, and joint features are formatted. AFs are
organized by a set of one or more mating bonds.

The concept of assembly engineering relations is shown
in Fig. 12. Note that the lines with an arrowhead are
interpreted as belong-to relations, the lines with solid
roundheads as inter-feature relations, and the lines with one
solid roundhead and one hollow roundhead as assembly/
joining relations. In other words, each part has been

Cylinder Hole

[ Aligred ][ {in_z:rat_z} )
{on_lim2} & {pardlel}

(=) Com ) (oo )

{R2. R}
{D1. e}

Fig. 11. An example of mating bond for aligned spatial relationship.
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Feature 2-2

Feature 1-2

Feature 3-2 {Feature 2-3

Feature 3-1 3+~
——=  helong-to relations
’- inter-feature relations
oO——=a assemblyfjoining relations

Fig. 12. Assembly engineering relations among assembly components.

(a) i“---—"
(b)

@ MF, | JF, | JC, FFy
(©)

Fig. 13. Relations in GARD. (a) Belong to relations; (b) inter-feature
association; (c) assembly/joining relation.

completely designed with its associated features, and
functional relationships are built between those part features
by attaching some linkages (relations). A GARD is
designated to represent graphically this linkage between
feature to feature and feature to part. A GARD represents
assembly hierarchy and the connectivity of the whole

Table 2
Symbolic representation of ARM for Fig. 14

product, based on these inter-feature association and
assembly/joining relations. Inter-feature associations,
assembly/joining relations, and GARDs are explained
thoroughly in Section 3.6. Mating bonds capture data
structure of assembly engineering relations while GARDs
represent these relations diagrammatically.

3.6. Assembly relation model and generic assembly
relationship diagram

There is a strong need for collaborative AsD systems to
communicate and exchange needed design data without
transferring whole files from one design collaborator to
another. This selective lean information exchange is intended
to overcome the bandwidth limitations on Internet/Intranet
and to achieve secured relationships among participants. In
order to ensure complete transfer of assembly model
information during this selective transition, assembly
engineering relations should be persistently maintained.

In this research, a new Assembly Relation Model (ARM)
including an assembly relationship diagram, GARD is
introduced to efficiently capture engineering relations
among form features for collaborative design environment.
Assembly engineering relations between features as well as
between features and parts are defined below.

3.6.1. Definition 1: belong-to relations
A part P; and a form feature FF; are said to have a
belong-to relation,

B](]l{) : Fij : —)P]l’ k= 1’2’_“’"’

if P, € A;,j=1,2,...,m; and FF € P}

= {MP;
MCi
L] MBz

={MP>

MC,

Parts Features Representation
and MB

P, &P, AF =  AF; ={mating features | mating bonds | joint features | [material] | [designed d.o.f. ] |
(pin_a & [implied constraints]}
plate _b) = { MF{, MF2| MB1, MB2| JF1 | [Aluminum Alloy 6061 - T6] | {fix} | +A1}

MF =  MF, ={S/R, [mating components (mating entities)]}

= {aligned, [FF11 (C1), FF22 (C2)]}
= MF; = {aligned, [FF11 (E+1), FF22 (E2)I}
JF = JFq = {joining method | groove shape | [joining components (joining entities)] | [joining
constraint]}
= {GMAW | single fillet | [FF11 (E1), FF22 (E2)] | [welding_condition], [fixture_location]}
MB = MB; = {mating pair ( [mating features (form feature (inter-feature association, dimensional

constraint))]) | mating conditions (assembly/joining relations (form features), S/R
(transformed geometric constraints), d.o.f., [implied constraints])}

(MF+, [ C1 (FFu (1(.), {Rq, Hi})),
Ca (FF22 (I(I2, RC+2 = 0), {R2, H2}, {D1, D2}))]) |

(012"?(FF 11, FF2), aligned (fon_line}, {parallel}), {lin_z::rot_z}, [R1<=R3]))}

(MF2, [Eq (FF41 (1(), {R1, Hi})),
Ez (FF22 (I(112°, RCi2 = 0), {R2, H2}, {D1, D2}))) |

(012"?(FF 11, FF2), aligned (fon_line}, {parallel}), {rot z}, [R1<=R]))}
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pin_a C1 (centerline)
H
cylinder_a EH1
E1-= 4

Fig. 14. An assembly with a pin and a plate with hole.

In GARD, a belong-to relation between P]‘: and FFj, is
represented by an arrow (Fig. 13(a)). Parts are shown in
dotted line circle and form features in solid line circle.

3.6.2. Definition 2: inter-feature association relations
A form feature FF;, and another form feature FF,, are
said to have an inter-feature association relation,

1) :FF, © FF,, p=1,2,..,n, ¢=1,2,...,1,

if P; €A, j=1,2,...,m; FF,, FF;,, € FF; FF,,, FF;, :
—>Pé; DC, and RCpq are satisfied, where r € IDI%; and
IDIP(; is an index set depending upon this pair, FF;, and FF,,.

The inter-feature association relation represents the
relations between form features. The relational constraint
(RC,,) stands for the relationship between two form features
in the form feature hierarchy. For example, a block (FF;,)
can have a blind hole (FF;,) at a certain location. The
distance between the coordinates of the block and the blind
hole is a dimensional constraint. Since the block form
feature contains the hole form feature (the block is a parent
class of the hole), their relational constraint (RC,,) is 0.
Fig. 13(b) shows the inter-feature association relation in
GARD. The line with square stands for the inter-feature
association relation. The square represents a dimensional
constraint. Here, the solid dot at the end of line stands for the
relational constraint. The circle indicates a form feature
associated to the inter-feature association relation. Fig. 13(b)
shows a case of ‘FF;; and FF;, have an inter-feature
association relation subjected to DC; and FF,, contains
FF,, (FF, € FF;,)".

Table 3

Mathematical representation for Fig. 14

Parts Assembly engineering relationships

P} and P} {FF,, : =P}, FF,, : —»P}; FF,, : —P};

FFy, < FF5,IRCy, = 0; FF|QFF,,;
101({1222)): {1},JMIE1122 ={1,2},
JIP = (1}, 0013 = (1,2))

@ we, Hwe, HuEgH ¢, H e,

Fig. 15. Pictorial representation for Fig. 14.

3.6.3. Definition 3: assembly/joining relations
A form feature FF,, and another form feature FF,, are
said to have an assembly/joining relation,

(gh) .
9" . FF,,®FF,,,

if Ppand P, € A;, g = 1,2,....,m, h=1,2,...,m; FF,, €
Pe.p=12,..,1;;FF, € Pj,q=1,2,...1,;FF,, FF,, €
FF; FF,,,FF,, € J; MF,|,JF,, € J; and JC, is satisfied,
where r1 € IMI¥”, r2 € LY, and r3 € JCIE"; and

IMIEP | 131%P | and JCIE"” are index sets depending upon
this pair, FF,, and Fth.

The assembly/joining relations are represented by lines
in GARD. Fig. 13(c) shows an assembly/joining relation
between FF,; and FF,,, that is ‘FF;; and FF,, are assembled
subjected to MF,, JF, and DC,’.

3.6.4. Definition 4: generic assembly relationship diagram

Let d be a GARD of an assembly (A;) which has a set of
parts P = {P}} for j = 1,2,...,m. Each part PJ’: has a set of
form features FF = {Fij} fork = 1,2,...,n;. There exists a
set of belong-to relations, RE = {B](.,?}, a set of inter-feature
association relations of part j, R = {I},’J} forp=1,2,...,1;
and ¢ = 1,2,...,1,, and a set of assembly/joining relations
of part g and part h, R = (9%} for g=12,....m,

Realization
4sembly Desigw\ Joint Design
) =
Desgned SR Dierelst
LT
Designed d.o f. Implied d.of.
Designar’s Intent Analysls

Fig. 16. Spatial relationship implication.
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4z,

i fb:
A
2y >?<p: v

e b:.

Fig. 17. Lap joint with spatial relationships.

h=12,....omy, r=12,....,55, and s=1,2,....14. If E,,
denotes an edge between the nodes N, and N, of a diagram;
then the assembly relationship diagram of A; denoted by
d(A)) is defined by:

d(Al) = (VsE)s
where
V={V,V5,...,V,.n} is the set of nodes in d(A,;),

where N = X;n; and E = {E,,} is the set of edges, where
u € FFI,, v € FFl,; FF], and FFI, are index sets depending
upon the number of nodes; such that there is a one-to-one
correspondence between sets V and P U FF; there is a one-
to-one correspondence between sets E and R® U R U R?.

After AFs are generated, intra-feature and inter-feature
relationships are captured in an AsD model. The AsD model
contains an ARM connected to a solid model. All geometric
entities in an ARM are linked to a related solid model. This
ARM goes together with geometric data (solid model) in
assembly data transitions, capturing assembly and joining
information consistently in a collaborative AsD environ-
ment. The ARM can be transformed into three represen-
tations (views) (i.e. symbolic, mathematical, and pictorial).
The pictorial representation of ARM is generated based
upon the GARD. These three views serve as a communi-
cation media and help a designer’s understanding.

Table 2 shows a symbolic representation of an AsD
model (ARM) generated for a simple assembly in Fig. 14.
Here, P! =pin_a; P)=plate_a; FF,; = cylinder_a;
FF,, = block_b; FF,, = hole_b. Note that the designed
d.o.f. in the AF inferred as {fix}. This d.o.f. is inferred from
the specified joining method, that is, gas metal arc welding
(GMAW). Spatial relationship implication due to joining is
discussed in Section 4. From the AF, two MBs are generated
for two aligned spatial relationships. Table 3 shows a
mathematical ARM and Fig. 15 shows a pictorial represen-
tation of ARM using GARD symbols. In Fig. 15,
DC1 (dimensional constraint) of the inter-feature relation is

the location of the hole in the block. JC1 and JC2 are the
welding condition and the fixture location, respectively.

4. Spatial relationship implication of joining

Spatial relationships are specified/imposed during the
AsD process. As described in the previous sections, each
spatial relationship can be interpreted as a constraint
imposed on the d.o.f. between relative mating or interacting
features. Given a set of spatial relationships, the resultant
d.o.f. can be inferred. In other words, any allowable motion
for parts has to follow a path along the directions specified
by the d.o.f. in order to maintain their spatial relationships.

In AsD, spatial relationships can be assigned to achieve
intended d.o.f. These desired spatial relationships are
realized and maintained (or enforced) in the physical
assembly by joining. Fig. 16 shows how spatial relation-
ships implied by joint design can be used for a designer’s
intent analysis. Each joining method infers specific spatial
relationships and the corresponding d.o.f. are implied by
these spatial relationships. The designer’s original intent
imposed on AsD can be analyzed by comparing the implied
d.o.f. and the designed d.o.f. In this manner, all design
participants can have an equal understanding of the design
intent on an assembly. For example, let us consider a case
that a designer wants to permanently join two plates (Fig. 17)

Table 4
Designed spatial relationships of Fig. 17

Plate a Plate b Spatial Designed
relationship  d.o.f.
fa, (top surface) /by (bottom  Against {plane_z :: rot_z}
surface)
[, (intersecting line)  eb; (edge) Aligned {lin_I; :: lin_I;}
ea; (edge) eb, (edge) Aligned {fixed}
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Table 5
Spatial relationship implication of joining methods

Joining method Plate a

Welding fa, (top surface)

[, (intersecting line)
fay (top surface)

I, (centerline)

fay (top surface)

I, (centerline)

I3 (centerline)

One rivet (rivet Q; at Py)

Two rivets (rivet Q, at P, rivet Q, at P,)

Plate b Inferred spatial relationship Implied d.o.f.

fb; (bottom surface) Against {plane_z :: rot_z}
eby (edge) Aligned (weld) {fixed}

fby (bottom surface) Against {plane_z :: rot_z}
I, (centerline) Aligned {fixed :: rot_z;}
fb; (bottom surface) Against {plane_z :: rot_z}
1, (centerline) Aligned {fixed :: rot_z; }
I3 (centerline) Aligned {fixed}

and assigns spatial relationships as in Table 4 to fix those
plates. If the designer considers a welded joint and specifies
a welding operation as a joining method, then the d.o.f.
corresponding to the welding operation can be inferred and
used to check whether this welding operation will satisfy the
designer’s intent on the assembly. The welding operation
causes (1) an against spatial relationship between the
mating faces, (2) an aligned spatial relationship between
joining entities on the weld seam, and (3) the two assembly
components (two plates) to loose all d.o.f. and become
fixed. In this case, the specified joining method (welding)
satisfies fully the designed d.o.f.

In other cases, some joining methods may either under-
constrain or over-constrain the d.o.f. on an assembly.
Consider again the case shown in Fig. 17 with the
corresponding designed S/R in Table 4. As shown in
Table 5, if a designer wants to join the two plates by applying
one cylindrical rivet at p;, the intended d.o.f. (fixed) is under-
constrained. In ariveting operation, the end of the rivet shank
is deformed after upsetting (Fig. 18). However, after
upsetting, the assembly can still have rotational d.o.f.,
if there is enough tangential (rotational) force applied to

_Imoi
¢ P I -

LI

TX

P2 § =

g3

[T
=

the two plates. Table 6 shows the d.o.f. implication rule when
one cylindrical rivet joint is used. When two rivets are used to
join the assembly components, the d.o.f. of components are
fully constrained based on the reduction rule in Table 7. Note
that more than two rivets can increase structural rigidity,
even though d.o.f. of the assembly are over-constrained and
joining cost and time are increased.

5. Demonstration of AsD tools

In this paper, the AsD formalism for a collaborative AsD
environment is developed and implemented as a fundamental
formalism for AsD tools. An AsD engine generates an AsD
model capturing assembly/joining relationships. The AsD
model can be used for various AsD activities, such as joining
analysis and process planning. A designer can generate an
assembly with the AsD engine by specifying spatial
relationships, joining methods, weld seam/rivet locations,
and joining constraints, such as welding conditions and
fixture locations. A GARD tool is used to exchange the AsD
model seamlessly in collaborative design environment.

Fig. 18. Riveting operation.

Table 6
Implied d.o.f. reduction for a rivet joint

Configuration Condition

Inferred S/R

Implied d.o.f

Two plates k=L +1

>.i%jJ = 0 where
i {1, fork; =1 +1,
j=

0 otherwise

Diameter(Q;) = diameter(hole_P,)
Diameter(Q;) = diameter(hole_P»)
Upsetting operation(Q;)

Against(bottom_plane(head_Q;), top_plane(P;))
Against(bottom_plane(P;), top_plane(P,))
Aligned(center_line(Q;), center_line(P;))
Aligned(center_line(hole_P;), center_line(hole_P;))

P, : {fixlrot_x}
P, : {fixIrot_x}
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Table 7
Implied d.o.f. reduction for multiple rivet joints

Configuration Condition

Inferred S/R Implied d.o.f

Two plates >i=j = 1 where
) {1, forki =1, +1,
j=

0, otherwise

j=0,1,...,N. N is the number of rivets through P, and P,

Diameter(Q;) < diameter(hole;_P,)
Diameter(Q;) < diameter(hole; _P,)
Upsetting operation(Q;)

Against(bottom_plane(head_Q;), top_plane(P,)) P, : {fix}
Against(bottom_plane(P;), top_plane(P,)) P, : {fix}
Aligned(center_line;(Q;), center_line;(P}))
Aligned(center_line_,-(hole_,-_Pl ), center_line_,-(hole_,-_Pl )

The AsD engine is implemented using Microsoft’s MFC,
Spatial’s ACIS, and Tech Soft’s HOOPS. A connector
assembly (Fig. 19) is considered as a demonstration of the
developed AsD formalism. Fig. 20 shows a graphic user
interface of the AsD engine. Fig. 21 shows a data structure
of the AsD formalism in terms of UML’s static structure.

The preceding Figures show how a designer generates an
assembly with joints and how the AsD engine generates the
AsD model. Typical steps are listed as follows:

Step 1:

The designer specifies spatial relationships and correspond-
ing mating features are extracted by the AsD engine
(Fig. 22).

Step 2:

The designer determines a joining method and selected
corresponding geometric entities on screen. The designer
can provide joining conditions. Note that these joining
conditions are essential information for succeeding assem-
bly analyses (Fig. 23(a) and (b)).

Step 3:

Spatial relationship implication is inferred and designer’s
intent analysis is performed by the AsD engine. If the
specified joining method satisfies the desired d.o.f., go to
Step 4. Otherwise go to Step 2.

Step 4:

The AsD engine generates additional joint geometry, such
as rivets or fasteners based upon joint conditions
(Fig. 23(b)). Designer can also determine materials for
assembly components in this step.

piate_d

l \

plate_a

Fig. 19. Connector assembly.

Step 5:

Once the designer provides all information required to form
AFs, the AsD engine automatically generates an AsD model
including AFs and mating bonds.

Step 6:

For efficient AsD data exchange, the AsD model is generated
in a XML format, which is a basic input to generate GARD.

Note that all the information captured in the AsD model
supports collaborative AsD. All geometric entities specified
in the AsD model data are linked to the solid model. For
example, in an ACIS solid model, attribute ID’s are used as a
linkage tag. This XML-formatted AsD model data goes
together with the geometric data (solid model) in assembly
data transitions. It allows assembly and joining information
to be persistently captured in a collaborative AsD
environment.

While an assembly with joints is formed in the AsD
engine, an ARM (AsD model) is generated internally. Table 8
shows the symbolic representation of the ARM in the
connector (Fig. 24). Table 9 shows the mathematical
representation of the ARM of the connector (A;). In this
example, plate_a and plate_b are joined by two button rivets.
Top_surface of plate_a and bottom_surface of plate_b have
against relationships. The rivets are aligned along centerline
of holes at the location that designer specified. plate_a and
plate_c are joined with GMAW and their mating feature

[ g i)

B the LR Mowuse Oeds Seecn Quvy fem PunOmson Don (o Mestly Mebinde oo

aie ultd olo|als|m| Wdle| RiDlo] M| «|4]

3

DjcF Bl&) 40

Fig. 20. Graphic user interface of the AsD engine.
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y_id : char

part: Part
1 +assyFeature : AssemblyF eature]
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Part "
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tiFeature : FFeature +part AsserblyFedure
t+af_id : char
t+part : Part
1 prFeature : MFeature) 1
+Feat 1
eature = +jFeature : JFeature
t+mBond : MBond
+mFeature L material : char +mBond
FFedue t+dof : char
Pi_id : char 1 trimpCorstraint ; char
+jF eature 1
*+mComponen MFeature JFegture MBond
fermd_id : char it_id : char +mb_id : char
1 [esr: SpatialRel +{Entity [+ Type : char +mPair : MPair B
FmComponent : FFeature) tHjhdethod - char +mC ondition : MCondition
+mEntity : char t+jGroove Shape : char
4 [HiComponent: FFeature
HEntity : MAF eature _ -
hiConst aint : char +mPair +Condition 1
=1 1 “
x
MPar N.iCor-dtion
+mFeature bmp_id - char :s";'c—s'd .;!ci:;;el
. +mE ntity : MF eature el fhl
tHinterF eatureRel : char ok e
1 dConstraint : char impConstralt : char
SpatialRd
tsr_id : char
tesr_entity : char
e dof : char x +sr 1

Fig. 21. Data structure of the assembly design formalism.

entities are top_surface of plate_a and bottom_surface of
plate_c. Similarly, plate_b and plate_d are joined by using
GMAW. In this demonstration, following notations are used:

¢/ = ith edge of FF;,

P} = plate_a; Pi = plate_b;

plate_d,;

FF;; = block(length, width, height) =
block(Ly, Wy, Hy;) = block(110, 40, 10);

FF,, = block(L,,, W,,, H,;) = block(110, 40, 10);

FF;; = block(Ls;, W3, H3;) = block(50, 40, 10);

FF,, = block(Ly;, W4, Hs;) = block(20, 40, 10);

FF,, = hole(diameter, depth) = hole(DM;,, DTy,) =
hole(12.81, 10);

FF,, = hole(DM,,, DT,,) = hole(12.81, 10);

JC, (of FF, and FF,,) = {location of rivetsltolerance} =

{P11(100, 10,.), P11(100, 40, )| = Al};

Pl =plate_c; Pl=

Fig. 22. Spatial relationship specification and mating feature extraction.
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(b) [~ o T R ——— ai0lx
S n o b - it x]

prgree——y

sssssss

Fig. 23. Joining method specification and joint feature formation. (a)
Welding; (b) riveting.

JC, (of FF; and FF,,), JC,4 (of FF;; and FF3,;), and JC; (of
FF,, and FF,,) = fixture location;

JC3 (Of FF[] and FF3|) and JC(, (Of FF2| and FF4]) =
welding condition;

JCs (of FF,; and FF3,) = {datum planesltolerance } =
{max_displacement| + A,};

JCg (of FF»; and FF,;) = {max_displacement| + Az };
DC, (of FF,, and FF,,) = {location of holeltolerance} =
{P11(50,20,.)| + A4};

DG, (of FF,; and FF,,) = {P1(50,20, ) = As}.

Datum planes in JCs and JCg are reference planes that
represent the designated tolerance limits of welding
deformation. The datum planes are offset from the structure
by the tolerance limits allowed.

Based upon the AsD model, the corresponding GARD
can be generated with the aid of a developed GARD tool to
help the designer to easily understand the assembly and
joining relationships in an assembly. The GARD tool is
implemented using Microsoft’s Visio and Visual Basic for
Applications. Fig. 25(a) shows an initial window of the
GARD tool. The designer can open the AsD data with this
tool and generate a GARD corresponding to the AsD model.
Fig. 25(b) shows a GARD for the connector assembly.

By clicking each diagram’s entities, relevant assembly/
joining information and design model can be retrieved
locally or remotely through the service-oriented architec-
ture. This GARD tool provides user-friendly communi-
cation media in a collaborative AsD.

6. AsD formalism and AsD tools in a service-oriented
collaborative assembly design

This section explains how the developed AsD formal-
ism and the AsD tools can be integrated into a service-
oriented collaborative AsD environment. A typical
scenario is when a system integrator, such as an auto
manufacturer, out-sources the design and manufacturing
of sub-systems, such as car frames from different vendors.
If the auto manufacturer wants to design a complete car
frame with sub-frames designed by vendors A and B, the
vendors provide an XML-formatted AsD model, which
are simple ASCII files, of the sub-frames to the auto-
manufacturer instead of sending the entire CAD model.
The system integrator can easily generate GARDs from
the AsD model. The GARDs are linked to the correspond-
ing design models of sub-system components. These
design models in certain proprietary CAD formats are
translated into CAD kernel formats, such as SAT of
ACIS, as soon as the vendors send the AsD model to the
system integrator. The design models in the CAD kernel
format can be provided to the system integrator when the
system integrator indicates a request for viewing a specific
component from the GARD tool. The auto-manufacturer
therefore can decide the assembly components to be
joined. The determined assembly components are loaded
into the AsD engine and the system integrator can specify
a joining method between assembly components. The new
AsD model and its corresponding GARD are generated
automatically based upon the AsD formalism.

During collaborative AsD, AsD participants typically use
different CAD systems. To generate a complete assembly,
each design model needs to be translated into a single CAD
format, which can be accomplished by using specialized
translators. However, this often causes problems in the
numerical accuracy of geometric model, since different CAD
systems employ different methods of CAD model gener-
ation. The first solution of this is to provide a modeler that has
the ability to process models created in different CAD
formats. The second solution is to use solid modeling kernels.
Typically, a CAD system is built on a solid modeling kernel.
Based upon the solid modeling kernel, suitable interfaces and
high-level operations, such as feature based modeling and
editing, of the CAD system are implemented. It is to be noted
that while there are a large number of proprietary CAD
formats, there are relatively few solid modeling kernels that
are available, such as ACIS and Parasolid. This AsD engine
utilizes the second method and it is implemented with ACIS
kernel.
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Symbolic representation for the connector in Fig. 24

Parts

Features
and MB

Representation

P &P,
(plate_a &
plate _b)

AF

= AF; ={mating features | mating bonds | joint features | [material] | [designed d.o.f.] |
[implied constraints]}
={ MF4, MF2, MF3| MB1, MB2, MB3| JF |
[Aluminum Alloy 6061 - T6, Steel] | {fix} |
[tolerance]}

MF

* MF, ={S/R, [mating components (mating entities)]}

= {against, [FF11 (top_surface), FF21 (bottom_surface)]}
- MFg—{allgned [FF11 (|1) FF21 ez )y
MF: = {aligned, [FF1 (e1"), FF21 (1

JF

= JF4 = {joining method | groove shape | [/oming components (joining entities)] | [joining
constraint]}
= {Button_Rivet | . | [FF1 (top_surface), FF21 (bottom_surface)] |
[diameter_of_rivet, 5.66], [location_of_rivet, FF4 (100, 10, . ), FF41 (100, 40, . )],
[fixture_location]}

MB

=  MB; = {mating pair ( [mating features (form feature (inter-feature association, dimensional
constraint))]) | mating conditions (assembly/joining relations (form features), S/R
(transformed geometric constraints), d.o.f., [implied constraints])}
= {MP
(MF1 [top surface (FF11 (|() {Lm W11 H11}))
bottom_surface (FF21 (1 (.), {L21, W21, H21}))]) |
MC
(ﬁ71(12)(FF11, FF21), against ({on_surface}), {plane_z::rot_z}, [ . 1))}
L MBz
= {MP2
(MF2, [|12(1FF11 (1(), {La1, Waq, Hi1})),
e2” (FF21 (1(), {L21, W21, Haa}))]) |
MC,
(011"?( FF 41, FFy), aligned ({on_line} & {parallel}), {lin_ly:lin_l1}, [ . )}

- MB3
= {MP;
(MF2, [91 (FF11 (1(.), {L11, W11, Hin})),
21 (FF21 (1 ( ), {L21, Wa1, Ho))D) |
MCs
(011" ( FF11, FFay), aligned ({on_line} & {parallel}), {lin_e1""::lin_e1""}, [ . 1))}

Pi' & Ps'
(plate_a &
plate _c)

AF

= AF; ={mating features | mating bonds | joint features | [material] | [designed d.o.f. ] |
[implied constraints]}
= {MF4, MFs, MFs| MB4, MBs, MBg| JF2 |
[Aluminum Alloy 6061 - T6] | {fix} |
[tolerance]}

MF

» MF, ={S/R, [mating components (mating entities)]}

= {against, [FF1 (top_surface), FF31 (bottom_surface)]}
=  MFs = {aligned, [FF1 (I2), FF31 ( ez )]3}
«  MFe = {aligned, [FF 11 (e12), FF3: (er)

JF

= JF2 = {joining method | groove shape | [/oming components (joining entities)] | [joining
constraint]}
= {GMAW | single fillet | [FF 11 (I2), FF31 (e231)] | [welding_condition], [fixture_location]}

MB

=  MBs4 = {mating pair ( [mating features (form feature (inter-feature association, dimensional
constraint))]) | mating conditions (assembly/joining relations (form features), S/R
(transformed geometric constraints), d.o.f., [implied constraints])}
= {MP4
(MF4, [ top_surface (FF11 (1(.), {L11, W11, Hi1})),
bottom_surface (FFs1 (1 (.), {Ls1, Wa1, Ha1}))]) |
MC4
(941"( FF41, FFay), against ({on_surface}), {plane_z:rot_z}, [ . 1))}

(MFs, [ |2 (1FF11 (), {L11, W11, H14})),
(FFa1 ( I(.), {Ls1, Wa1, Ha1})]) |

(1911(’3)( FF11, FFa1), aligned ({on_line} & {parallel}), {lin_lz::lin_l2}, [ . 1))}
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L] MBG
={MPs
(MFe, [e1"2 (FF11 (1 (), {L11, W11, H1a})),
e®" (FFa1 (1(), {La1, War, Hai}))]) |
MCs

(94" FF11, FFa1), aligned ({on_line} & {parallel}), {lin_e1"*:lin_e+"}, [. 1))}

P.' & P, AF = AFs = {mating features | mating bonds | joint features | [material] | [designed d.o.f. ]|
(plate_b & [implied constraints]}
plate _d) = {MF7, MFs, MFql MB7, MBg, MBs| JFs |
[Aluminum Alloy 6061 - T6]l {fix} |
[tolerance]}
MF =  MF7={S/R, [mating components (mating entities)]}
= {against, [FF21 (top_surface), FF41 (bottom_surface)]}
= MFe = {aligned, [FFa1 (ls), FFas (2" )
= MFg={aligned, [FF21 (e3”'), FFa1 (e1 )]}
JF = JF3 = {joining method | groove shape | [joining components (joining entities)] | [joining
constraint]}
= {GMAW | single fillet | [FF21 (l4), FFa1 (6241)] | [welding_condition], [fixture location]}
MB =  MB7 = {mating pair ( [mating features (form feature (inter-feature association, dimensional

constraint))]) | mating conditions (assembly/joining relations (form features), S/R
(transformed geometric constraints), d.o.f., [implied constraints])}
= {MP7
(MF7, [ top_surface (FFa1 (I (.), {La1, Wa1, Hz1})),
bottom_surface (FFa1 (1 (.), {La1, Wa1, Haa}))]) |
MC7
(1911(24)( FF21, FFa1), against ({on_surface}), {plane_z::rot_z}, [ . ]))}
Bs
= {MPs
(MFs, [ |4 (1FF21 (1(.), {L21, W21, H21})),
(FFa1 (1(.), {Lat, War, Ha})D) |
MCs
(0911®%( FFa1, FF41), aligned ({on_line} & {parallel}), {lin_ls:lin_ls}, [ . 1))}

MBs
= {MPg
(MFy, [ea4 (FF21 (1(.), {L21, W21, H21})),
(FFa1 (1(.), {La1, War, Ha}))]) |
MCo
(91/%%( FF21, FF41), aligned ({on_line} & {parallel}), {lin_es>':lin_es’"}, [ . 1))}
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Fig. 26 shows how AsD collaborators (e-designers) can
share AsD models interacting with different CAD systems
in a service-oriented collaborative AsD environment.
Consider a system integrator who wants to assemble two
components designed by vendor 1 and vendor 2. Through
the service-oriented architecture, AsD models of assembly
components can be provided remotely to the system
integrator and the system integrator can generate an

Py

FFay—

EJJ’- *

Fig. 24. Connector assembly with two welded joints and one pin joint.

assembly without receiving entire CAD model. In case the
vendors’ CAD systems provide different CAD kernels, a
multi-kernel agent is responsible for consistent model
translation. Detailed processes are described below. The
numbers in Fig. 26 stand for the index of each process.

Table 9
Mathematical representation for the connector in Fig. 24

Parts Assembly relationships

Pl and P}  (FF,, : —»P};FF, : »P};FF,, : —P};
FF,, : —»P};FF,, & FF,IRC,, = 0;FF,, & FF,,IRC, = 0;
FF,,®FF,,; IDI'Y = {1},IDI = {2},
M2 = {1 2,3}, 012 = {1},1C1{? = {1,2))
P! and P}  (FF,, : —»P};FF, : »P};FF;, : —P};
FF,, © FF,IRC,, = 0; FF;; ®FF;;;
IDLY = {4}, IMIY = (4,5,6}, N1}Y = {2},
Jariy = {% 4,5}}
P)and P}  (FF,, : —»P};FF,, : —P);FF,, : —P};
FF,; & FF,,IRC, = 0; FF, ®FF,;
IDIY = {5},IMI%Y = (7,8,9}, 1% = {3},
JCIGY = {6,7,8))
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AOT-GARD g .
(a) R
‘_Q' AOT - Generic Assembly Relation Diagram
Pegasus
o | o | s |
Assembly Design Model XML Data
<Z7wrmd version="1.0" 1> -
<1-- AsD XML Data By Assembly Design Formalism | >
< >
= <indo >

<name > adl 1038251177 </name >
<description> < /descriplion >
< /o>
<AF >
<namwe > adlal 1038251177 </name >
<MF>
<ME-ID > adind 1038251206 </MF-ID>
<SR > against < /SR>
<mating - tmﬂt body 10382512050 </mating-c

y> lace 10302512051 c;mmmv
</MF>
<MEF >
<MF-1D> -:Inil.mulz‘!l </MF-1D>
SR> ahgned </
<muating- wnwu:nt > body 10382512300 </mating-component >
<mating-entity > edge 10382512300 </mating-entity >
<mating-component > body 10382512301 </mating-component >
<mating-entity > edge 10382512301 </ mating-emity >
</MF>

<>
<IF-1D > afff 103BZ51258 </ 1D >
<joining-method > Gas Metal Arc Welding </ joining-method >
< joining -component > body 10302512580 </ joining- component >
<joining-entity > edge 10302512500 </joining-entity >
<groove-shape > (fwunew!npe

<mm
nnﬂum)
<amperage > 1000 </amperage >
<voltage> | </voltage>
<deedrate> 3 </leedrate >
-speed > 3 </weld-speed >
cweaving > Weaving </ weaving >
</weelding-condition > ;‘
(b) (8 S ooaan v tcast e mdeane 1) alcix
e (o poe Peet fgew Dek Jwee i g L
IcF oY @ AT MO v FeB[R]FACOe s Ge i .
..... . e cie - My EEE AR m-E.E,
b1 =k" 1
. E /] A L ¥ T sl

Fig. 25. GARD tool. (a) Initial interface; (b) GARD for the connector assembly.

Step 1:

A system integrator requests AsD models of sub-assem-
blies/components interested (.

Step 2:

Vendors provide requested AsD models in XML format to
system integrator, while the corresponding CAD models are
translated to the CAD kernel model and stored in the local

database of each vendors ). If the vendor doesn’t have the
capability to translate the CAD model to the kernel model, a
third-party multi-kernel agent can be employed @).

Step 3:

The system integrator reviews sub-assemblies/components
with the aid of the GARD tool and a product viewer (),
@, and ®. According to the system integrators’
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Analysis Service

Providers
e.qd.; ANSYS
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! 1
: System Integrator :
i | e.9, Auto-manufacturer |
\ 1

e S g

Serwce Manager

fjf {V@ f@

N R e [erlnm %

Vendor 1
e.g., Auto-supplier

-

SCAD Model™ ~

@ Index of processes « CAD Kernel Model

®" Q'@

- LIRSIONES

Vendor 2
e.g., Auto-supplier

-,

« CAD Kernel Model

Fig. 26. AsD tools in a service-oriented collaborative assembly design.

needs, the GARD tool can selectively retrieve necessary
parts in kernel format from the vendors’ database (&)).

Step 4:

After determining which sub-assemblies/components are to
be joined, the system integrator can load kernel models of
selected individual parts into the AsD engine and specify
joining methods between the parts (7).

Step 5:

An AsD model for the new assembly is generated based upon
the AsD Formalism ((7)). The new AsD model can be sent to
the vendors to share assembly information ((8)).

Step 6:

When the system integrator needs to know additional AsD
information, such as the physical effects of joining, the
system integrator can request relevant service using the AsD

models ((9)).

7. Conclusions

This research introduces an AsD formalism to specify
the assembly and joining relations symbolically to support
collaborative AsD. By using the AsD formalism, assembly
and joining relations are extracted from the assembly
and the relation models have mathematically solvable

implications. A spatial relationship kernel preserves design
intent on the assembly. The spatial relationship implication
is inferred to validate the specified joining method that
satisfies the designer’s intent. AsD tools are developed to
implement the AsD formalism, which leverage an efficient
assembly data sharing mechanism and transparent assem-
bly information flow for a collaborative AsD environment.
An AsD model generated by the AsD engine contains an
ARM linked to a solid model. The AsD model supplements
geometric and topological information of nominal geome-
try with assembly/joining information, which is essential
for various AsD activities, such as joining analysis, process
planning, and integrated simulation. ARM has three views
(i.e. symbolic, mathematical, and pictorial views). The
GARD tool interprets the symbolic representation and
generates relevant pictorial representations in the format of
GARD. GARD serves as a media to exchange AsD and
joining information concisely and persistently in a
collaborative design environment. The contributions of
this paper on collaborative AsD are summarized as
follows:

1. The developed AsD formalism specifies the assembly
and joining relations symbolically to support collabora-
tive AsD. By using the AsD formalism, assembly
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and joining relations are extracted from the
generated AsD model and ARM has mathematically
solvable implications. Furthermore, the XML-based
AsD model provides a scalable collaborative AsD
environment.

2. The ARM has three views (i.e. symbolic, mathematical,
and pictorial). The pictorial view, GARD, serves as a
media to exchange AsD and joining information
concisely, selectively, persistently, and in a user-
friendly manner in a collaborative design environment.

3. AsD tools, including the AsD engine and GARD tool,
are developed to implement the AsD formalism, which
leverage an efficient assembly data sharing mechanism
and transparent assembly information flow for a
collaborative AsD environment through the Internet.
The GARD tool interprets the symbolic representation
of ARM and generates relevant pictorial representations
in the format of GARD. The lean information sharing
framework has been developed based on a collaborative
product development architecture.

4. The AsD model supplements geometric and topological
information of nominal geometry with assembly/joining
information, which is essential for various integrated
AsD activities, such as joining analysis, virtual proto-
typing and simulation, and assembly violation detection,
in a collaborative design environment.

5. A spatial relationship kernel preserves design intent on
the assembly. The spatial relationship implication is
inferred to validate the specified joining method that
satisfies the designer’s intent. This designer’s intent is
captured explicitly and persistently during collaborative
design transactions. In this manner, all design partici-
pants can have an equal understanding of the design
intent on an assembly.
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