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Abstract In this study, we developed a knowledge-based
engineering (KBE) system to assist engineers in promptly
predicting a near-optimal assembly sequence. A three-stage
assembly optimization approach with some heuristic work-
ing rules was employed to establish the proposed system. In
the first stage, Above Graph and a transforming rule were
used to create a correct explosion graph of the assembly
models. In the second stage, a three-level relational model
graph, with geometric constraints and assembly precedence
diagrams, was generated to create a completely relational
model graph, an incidence matrix, and a feasible assembly
sequence. In the third stage, a robust back-propagation
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neural network engine was developed and embedded in the
Siemens NX system. System users can easily access the
volume, weight, and feature number through the Siemens
NX system interface, input the related parameters such as
contact relationship number and total penalty value, and
predict a feasible assembly sequence via a robust engine.
Three real-world examples were used to evaluate the
feasibility of the KBE system. The results show that the
proposed system can facilitate feasible assembly sequences
and allow designers to recognize contact relationships,
assembly difficulties, and assembly constraints of three-
dimensional components in a virtual environment type.

Keywords Knowledge-based engineering system -
Assembly optimization - Assembly sequence -
Back-propagation neural networks - BPNN

1 Introduction

Assembly sequence planning (ASP) is a critical technology
which achieves product design and facilitates realization.
Product design is an important determinant of a business’
competitiveness, and 80% of the costs of a product’s
lifecycle occur during the initial design stage [1]. Design
for assembly (DFA) focuses on product-related factors such
as size, weight, symmetry, orientation, and form features, as
well as other assembly processes: handling, gripping, and
insertion [2, 3]. The accomplishment of those numerous
standard sequences can be employed without regard to the
product configuration, material, or production quantity
[4, 5]. In generating assembly sequences, De Fazio and
Whitney [6] adopted the exhaustive concept of Bourjault
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[7] to obtain a complete set of assembly sequences. They
generated sequences in two stages: creating precedence
relations between liaisons (i.e., physical contacts) or
logical combinations of liaisons in a product and then
verifying the liaison sequence in terms of graph search
theory. However, some components cannot be success-
fully assembled due to potential geometric constraints.
Homen de Mello and Sanderson [8] made a representa-
tion of directed AND/OR graphs and disassembly con-
cerns to create feasible assembly sequences. In addition,
Kroll [9] used directed graph-based procedures with
conventional representations to reduce the number of
sorting operations required. However, these direct
approaches only apply to orthogonal assembly structures
involving six orthogonal directions.

Assembly planning is also regarded as “assembly by
disassembling”, i.e., an assembly sequence results from
systematically disassembling the final product and revers-
ing the disassembly sequence [10]. A critical aspect of
almost all objects or devices that consist of more than one
part is the nature of the fasteners used to join the parts
together, where fastening methods can be applied that
dictate the level of difficulty during assembly/disassembly
processes [11]. However, using the backward disassembly
search is not necessarily to come up with the best assembly
sequence. Some other researchers employ contact-based
features to represent the precedence relationships of the
product. However, a contact-based precedence diagram
cannot effectively express the complexity of the assigned
assembly relations. A complete and effective assembly plan
must include other graphs, such as explosion graphs,
relational model graphs (RMG), incidence matrices, assem-
bly precedence diagrams (APDs), etc. In reality, few
experts or engineers know exactly how to derive a correct
explosion graph, draw a complete relational model graph or
incidence matrix among the components, or determine a
complete APD to generate a near-optimal assembly
sequence [12—14]. However, these exact methods guaran-
teed to exactly find the global optimum are slow and
limited due to the combinatorial nature when product parts
increase [15].

Assembly process planning is commonly a crucial stage
in product design and manufacturing process which con-
tains assembly sequence planning, assembly tool and
fixture planning, assembly line layout, and assembly line
balancing (ALB), which are highly related to assembly
sequences and precedence relations [16, 17]. However, two
kinds of potentially applicability problems exist: An
optimal assembly sequence of a large-scale generated
assembly sequences is hard to determine; there can be
great computational and highly constrained combinatorial
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complexity derived from the geometric reasoning and
topological features [18, 19]. Assembly line modeling
problems have been conventionally classified into two
types: type I and type II. In type I problems, the required
production rate (cycle time), assembly tasks, tasks times,
and precedence relations are given. Designing a new
assembly line is generally such a problem, its objective
being to minimize the number of workstations. In type II
problems, the number of workstations or production
employees is fixed. The aim is to minimize the cycle time.
Type 11 problems often occur when a factory wants to
produce the optimum number of items using a fixed
number of workstations without adding new machines
[20]. Moreover, Gao et al. [21, 22] proposed an intelligent
production control decision support and a bi-level genetic
algorithm (GA) to deal with operative efficiency change
and scheduling problems; Wong et al. [23] used GA to
optimize the assignment of operators in an assembly line.
The novel optimal solutions of the ASP and ALB
problems have typically been obtained by following
meta-heuristic methods—guided genetic algorithms and
memetic algorithms (MAs), combining the global search
with local search of evolutionary algorithm to improve
individual solutions, simulated annealing (SA), ant colony
optimization (ACO), algorithm of self-guided ants (ASGA),
and particle swarm optimization (PSO); most of them can
escape the local optimum and further obtain the global
optimum [24-30].

The current essential technology, knowledge-based
engineering (KBE) integrating geometry, configuration,
and engineering knowledge, allows engineers to secure
product knowledge and incorporate engineering domain
skills based on design rules and powerful CAD/CAM
applications that are used to design, configure, and
assemble products. Examples of this include the so-called
expert systems, web-based knowledge-driven databases
involving engineering know-how with a knowledge-based
language such as knowledge fusion (KF), which captures
both geometric and non-geometric attributes of a given part
or assembly, writes rules and essentially gives us the ability
to capture intelligence and engineering know-how, and
becomes a critical part of the business strategy [31, 32].

Other studies used the Hopfield and back-propagation
neural network (BPNN) to generate optimal or near-optimal
assembly sequences [33—-35]. However, they merely focus
on mathematical model creation such as network energy
function, binary vector representation to create the assem-
bly states, and assembly sequences by a directed and
connection graph. The proposed engineering-oriented KBE
system is an integrated and systematic system which can
generate more feasible and reliable assembly sequences by
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embedding engineers or experts’ know-how and a robust
neural network-based predictor [36] and combine three-
stage assembly optimization technique with some heuristic
working rules to facilitate near-optimal assembly sequences
and allow designers to recognize contact relationships,
assembly difficulties, and assembly constraints of 3D
components in a virtual environment.

The remainder of this paper is as follows: Section 2
provides the related methodologies of the proposed KBE
system. Section 3 describes the working concepts and
procedures through the complete flow chart and KBE
system model. Section 4 denotes how to conduct the three-
stage assembly sequence planning of the KBE system.
Section 5 demonstrates the examples for developing a KBE

system. Section 6 concludes the paper with the recommen-
dations of future work.

2 Related methodologies

The proposed methodologies herein, including BPNNs, the
Taguchi method, and the response surface methodology, are
briefly introduced below.

2.1 Back-propagation neural networks

An artificial intelligence (Al) system, including knowledge-
based and artificial neural network (ANN) systems, has

Fig. 1 Flow chart of the
proposed study
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three key components (representation, reasoning, and
learning) and must be able to achieve three things (store
knowledge, apply the knowledge stored to solve problems,
and obtain new knowledge through experience) [37]. ANNs
are widely applied in signal processing, pattern recognition,
medical diagnosis, speech recognition, identification of
geophysical features, and mortgage evaluation [38]. In
much of the ANN literature, BPNNs were adopted because
they have the advantages of a fast response and high
learning accuracy [39-42]. The superiority of a network’s
functional approach depends on the network architecture
and parameters, as well as a problem’s complexity. If an
inappropriate network architecture or parameter is selected,
undesirable results may be obtained. BPNNs consist of an
input layer, a hidden layer, and an output layer. Parameters
for BPNNs include the number of hidden layers, number of
hidden neurons, learning rate, momentum, etc. All of these
parameters can significantly impact the performance of the
neural network.

In this research, the steepest-descent method was used to
find the weight change and minimize the error energy
function. The activation function is a hyperbolic sigmoid
function. According to past studies [43, 44], there are some

important conditions for network learning termination: (1)
when the root mean square error (RMSE) between the
expected value and network output value is reduced to a
preset value, (2) when the preset number of learning cycles
is reached, and (3) when cross-validation takes place
between training samples and test data. The first two
methods are related to preset values. This research adopts
the first and second approaches by gradually increasing the
network training time which gradually decreases the RMSE
until it is stable and acceptable. The RMSE is defined as
follows:

where N is the number of training samples, d; is the actual
value of training sample 7, and y; is the predicted value of
the neural network of training sample .

In network learning, input information and output results
are used to adjust the weighting values of a network. The
more-detailed the input training classification and the

Fig. 2 The knowledge-based
engineering system for
assembly sequence planning
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Fig. 3 An assembly precedence diagram tree used in assembly
planning

greater the amount of learning information which is
provided, the better the output will conform to the expected
result. Since learning and verification data for BPNNs are
limited by functional values, the data must be normalized
by the following equation:

P—-P min

PN=———" Dm X Dmin Dmin; 2
Pmax*PminX( ‘ )+ ()

where PN is the normalized data, P is the original data,
P« 1s the maximum value of the original data, P, is the
minimum value of the original data, D, is the expected
maximum value of the normalized data, and D,;, is the
expected minimum value of the normalized data. When
applying neural networking to a system, input and output
values of the neural network fall in the range of [Din,
Dinax]- When applying a neural network to a system, input
and output values of the neural network fall in the range of
[0.1, 0.9].

2.2 The Taguchi method

Taguchi’s robust parameter design is a systematic method
which normally selects an appropriate formulation of the
signal/noise (S/N) ratio and calculates the S/N ratio for each
treatment. There are three types of S/N ratios: nominal the
best, the larger the better, and the smaller the better. Most
engineers choose the highest S/N ratio treatment as the
preliminary optimal initial process parameter setting. The
Taguchi method has also been used to design parameters

Table 1 An example of a penalty index

for neural networks in previous research. Santos and
Ludermir [45] applied a factorial design to assist the design
and implementation of a neural network. The formulae of
the three types of S/N ratios are given as follows:

nominal the best :

S/N =10 x 1og(§) (3)

the larger the better :

I | =

“ 1
S/N =—10 x 1og< Z—2>

-1

2
I 35
~ —10 x lOg — +—

and the smaller the better :

S/N = —10 x log(% i:ﬁ) (5)

— 10 x 1og[y2+§2}

where y; is the response value of a specific treatment under ¢
replications, # is the number of replications, ¥ is the average
of all y; values, and S is the standard deviation of all y;
values.

A crucial procedure using the Taguchi method can be
conducted as follows: Using an analysis of variance of the
S/N ratio, determine factors having a significant effect on
the S/N ratio and then identify levels of these factors to
maximize the overall S/N ratio through the main effect
graphs of S/N ratio. When interactions are significant,
information obtained from the plots of interactions is
employed to determine the optimal settings for the
corresponding factors.

Score rank Rank index Description

1 0 No contact relation

2 1~3 Simple work, forced precedent sequence, direct or absolute “above” relationship
3 4~6 A little difficult, needs careful operation, tools changed infrequently

4 7~9 Very difficult, component easily damaged, tools changed frequently
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Fig. 4 Maximal and minimal
dimensions of a part in the
deployment direction

Dmax

Dmin

3 Working concepts and procedures

Generally, assembly sequence planning consists of feature-
based assembly modeling (i.c., all assembly information is
modeled), knowledge-based assembly sequence generation,
and interactive assembly planning system demonstration.
This study developed a three-stage integrated approach with
some heuristic working rules to assist planners in generat-
ing the best, most-effective assembly sequence. In the first
stage, the detailed data are input from 2D engineering
drawings and related assembly information into a CAD
assembly package. Then Above Graph (the graph illustrates
that a part located absolutely or relatively above the other

Fig. 5 Nine Above Graph sets

parts) and transforming rules were used to create a correct
explosion graph of the assembly models. In the second
stage, a three-level relational model graph, with geometric
constraints and APDs, was generated to create a complete
relational model graph, an incidence matrix, and a global
feasible assembly sequence. In the third stage, the BPNN
engine via parameter optimization using the Taguchi
method and design of experiment was employed to predict
the available assembly sequences. The aforementioned
BPNN engine, created by a toy car model, as a learning
(training) sample, and a toy motorbike model and a
brushless DC fan as testing samples, was used to evaluate
the feasibility of the proposed model in terms of differences
in assembly sequences.

The working concepts and procedures fall into two parts:
The first is to construct a graph-based assembly sequence
planning, and the second is to develop a KBE system with
an embedded robust BPNN engine. The proposed flow
chart is shown in Fig. 1. A KBE system that renders an NX/
KF-based operational interface to access the potential
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Part name O Contact AAttachment

Fig. 6 Symbol definitions for combined parts

graphs and BPNN-related details via different types of
databases is given in Fig. 2.

4 Three-stage ASP implementation of the KBE system

Knowledge-based systems as specific software programs
are designed to capture and apply domain-specific knowl-
edge and know-how to solve problems. For KBE systems,
they usually (but not always) imply the use of some kind of
computer system, examples of which include so-called
expert systems, web-based knowledge databases, and the
like. Their aims are to obtain product and process
information in such a way as to allow businesses to model
engineering design processes and then use the model to
automate all or part of the process. KBE is also a
technology that allows an engineer to create a product
model based on rules that capture the methodology used to
design, configure, and assemble products; it facilitates the
capture of the intent behind the product design by
representing the “why” and “how” in addition to “what”
of a design [46], and its design model including an
evaluation criterion is a decision making or an optimization
model, where the “best choice” design is called the optimal
design. Moreover, KBE is a process of implementing
knowledge-based systems and dealing with knowledge
processing, where domain-specific knowledge of parts and
processes is stored with other attributes: geometry, form
features, etc.

In the proposed KBE system, the object-oriented design
language (i.e., KBE language which provides ways to

capture geometric and non-geometric attributes) can be
exploited to build a reusable and interactive smart model (a
constraint- and knowledge-based model) of the product,
and the exact and heuristic methods merged to implement
the three-stage assembly sequence planning: (1) construct-
ing assembly planning via an APD tree to evaluate the
complexity of assembly relations, (2) deriving an explosion
graph to address how to generate the global feasible
assembly sequences, (3) developing the three-level rela-
tional model to describe the assembly relations of compo-
nents via contact-relation symbols and their incidence
values, (4) conducting the penalty matrix for assembly
planning to build up the criteria levels of assembly
difficulties, and (5) procedures and interfaces for creating
a KBE system.

4.1 Constructing assembly planning via an APD tree

Commonly, a product’s assembly precedence relationships
can be represented as a weighted acyclic graph, G (N, A),
shown in Fig. 3, where node () weights correspond to the
time or cost needed to perform the operations and arcs (As)
represent precedence constraints. In general, a designer can
successively assign assembly relations to form an assembly
plan based on a precedence diagram. However, the contact-
based precedence diagram cannot effectively express the
complexity of the assigned assembly relations. To avoid
poor assignments, this study employed the assembly
difficulty scoring method to evaluate the complexity of
assembly relations. Using the difficulty rank method allows
many criteria to be simultaneously considered in assembly
planning. The difficulty rank represents the cost incurred (e.
g., increasing operation time) by assigning an unsuitable or
infeasible assembly sequence. Table 1 presents an example
of a penalty index to illustrate the score weightings of some
crucial factors.

Fig. 7 Part parameters of the
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Fig. 8 BPNN parameters and ; : i 2
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4.2 Deriving an explosion graph

The explosion graph is the result of the complete disassembly
a product based on relationships of its geometric contacts.
This study uses the “contact above” concept to construct an
Above Graph and then derives an explosion graph. “Above”
implies that a part is located absolutely or relatively above
another part in the Z-direction or outside the other part in the
X/Y-directions. Two assembly parts are generally related in
one of the following ways: no contact (translatable), or
attached, or fastened (non-translatable). If a component can
be separately pre-assembled, this study takes that component
as a part and that need not be disassembled. Some
transformation rules are used in this paper to define the
“Above” relation of a component. The symbols “>" and
“—” are used to denote the “above” and “precedent”
relations in the deployment direction.

Rule 1: Set the main deployment direction along the base
part composed in that direction and identify the
maximum and minimum dimensions of parts as
shown in Fig. 4.

If Dmin(A)>Dmin(B): where Dmin(A) and Dmin(B)
are the respective minimal dimensions of parts 4
and B along the deployment direction; then, the
relation is defined as part A>part B.

If Dmin(A):Dmin(B); Dmax(A)>Dmax(B)’ where
Dmin(A)7 Dmin(B)a Dmax(A)ﬂ and Dmax(B) are the
respective minimal and maximal dimensions of
parts A and B along the deployment direction,
then the relation is defined as part A>part B.

Rule 2:

Rule 3:
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Rule 4:  If Dyin(A)=Dpmin(B), Dimax(A)=Dmax(B) and part A4 is
larger than part B (in diameter, weight, or volume),
then the relation is defined as part A>part B.

Rule 5: If part 4 is mounted on part B and intersects the
deployment direction, then the relation is defined
as part A>part B.

Rule 6: If the two components have the same priority
according to rules 2~4, a component is selected
according to a left-to-right and/or counterclock-
wise deployment.

Fart paramnies | Ingut AL and TFY ] I
Asembly Expk mgh |0 b Generstion al
Choose part (::Im
[ Select Face ]
| Select Line ]
Generating = — 4
explosion graph CZIE::;ET;TM
1 MA
2 MBI
3 ME2_1
4 MEZ2
Part number and part , | ¢ s
art number an al [ MB3 2
name P 1 Ml
| 8 MHZ
9 MMEI
10 MME2
11 MR
12 MFN
13 MPE
14 Mz
15 L
16 MW
| 17 MW
' ==lgalz—zl

Fig. 9 Explosion graph generation with the Ul-style interface
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Fig. 10 Assembly sequence
generation with the Ul-style
interface

Creating the assembly
sequence via BPNN engine

In practice, inference becomes more difficult as the
product becomes more complex. This study used the
contact-based Above Graph with the heuristic transforma-
tion rules mentioned above to derive the explosion graph

Fig. 11 Parts list and exploded
view of a toy car
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and simplify the inference process. Nine Above Graph sets,
shown in Fig. 5, were used to guide the transformation. An
APD tree, shown in Fig. 3, is normally used to present
assembly plans. The APD tree is a graph used to describe

No | Parts’ name

1 MB(MainBody)

2 CP(ChassisPan)

3 | DG(DriveGear)

4 | GS1_1(GearSetl 1)

5 | GS1 2(GearSetl 2)

6 | GS1_3(GearSetl 3)

7 | GS2 1(GearSet2 1)

8 G82 2(GearSet2 2)

9 | GS2 3(GearSet2 3)

10 | GS3 1(GearSet3 1)

11 | GS3 2(GearSet3 2)

12 | PO(Power)

13 | LBW(LeftBackWheel)
14 | LFW(LeftFrontWheel)
15 | BS1(BaseScrewl)

16 | BS2(BaseScrew2)

17 | PP1(PowerPackl)

18 | PP2(PowerPack2)

19 | PPS1{PowerPackScrewl)
20 | PPS2(PowerPackScrew2)
21 | RA(RearAxis)

22 | RD(RearDiff)

23 | RBW(RightBackWheel)
24 | RFW(RightFrontWheel)
25 | SL(Spoiler)

26 | SP1(Springl)

27 | SP2(Spring2)

28 | SR(SteeringRack)

@ Springer



772 Int J Adv Manuf Technol (2011) 55:763-782

precedent relations of the parts to be assembled. Commonly, 4.3 Developing the three-level relational model

generating feasible sequences for an assembly plan requires

an experienced planner to address the following questions: The relational model, like the explosion graph, is also
used to describe the assembly relations of parts. It is a
hierarchical structure for organizing the relations of the
parts. The following steps are followed to develop
three-level relational model graphs and to create APD

1. How should a base part be selected?

2. What are the precedence sequences among the contact-
ing parts?

3. What are the contact relationships (liaisons) between

. trees.
each pair of parts?
4. Must the case be sub-assembled in advance? Step 1. Select the entire top level of the sub-assemblies.
12PO sGS1_2
20PPS2 19PPS 1
c40 C29 c28 Cc22
C30 c27
10GS3_1 <T—=O OO I> GS1_1
@039 €32 c31
c33 C26 C
TTGS — 17 18
3.2 PP1 —C O— PP2 c23
C34
c38 C35 sGS1_3

Fig. 12 The complete relational model graph and assembly precedence diagram of a toy car
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Fig. 13 Parts list and exploded
view of a motorbike

Step 2. Create the first level of the relational model. Draw
out the next level of parts and sub-assemblies for
each top-level of sub-assemblies according to the
top level of the sub-assemblies.

Step 3. Create the second level of the relational model.
Draw out the next level of parts and sub-
assemblies for each upper level of sub-assemblies
according to the upper level of the sub-assemblies.

c O Q (A

< C18 cC19 020
ez 2] (62 1]

c21 c22

Step 4.
Step 5.

Step 6.

S

Part name
MA(MotorbikeAxle)
MBI1(MotorbikeBearing 1)
MB2 1(MotorbikeBearing2 1)
MB2_2(MotorbikeBearing2 2)
MB3_1({MotorbikeBearing3 1)
MB3 2(MotorbikeBearing3 2)
MHI(MotorbikeHandIE1)
MH2(MotorbikeHand1E2)
MMBI1(MotorbikeMainBody1)
10 | MMB2(MotorbikeMainBody2)
11 | MN(MotorbikeNut)

12 | MPN(MotorbikePin)
13 | MPE(MotorbikePlate)
14 | MS(MotorbikeScrew)
15 | MWI1{MotorbikeWheell)
16 | MW2(MotorbikeWheel2)
17 | MW3(MotorbikeWheel3)

F=N - R F- N LV 0 N P

Repeat step 3 until the bottom level is reached.

Create macro-relational model graphs. Join each
lower-level relational model graph to its upper-
level relational model to form macro-relational
model graphs.

Sequentially create APD trees from the macro-
relational model graphs according to the rules for
selecting the base part and transformation rules.

Fig. 14 The complete relational model graph and assembly precedence diagram of a motorbike
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11BN3
oy’ \Cg)
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15TM 6011 1BM
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BH1 |4 4BP 3 JBH2
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C2
Cc7
c5 C4
,BB1 oBN1 10BN2 ,BB2
C6 C3

Fig. 15 The complete relational model graph and assembly precedence diagram of a toy boat

Three symbols are used herein to express the relation-
ships of the combined parts. A square denotes the part
name to be combined. A circle represents the contact
relation between the two combined parts, and its incidence
value was set to 1. A triangle refers to the attachment
relationship, and its incidence value was set to 2.
Meanwhile, if there is no contact relation between two
parts, the incidence value is set to 0. The symbol definitions
for combined parts are presented in Fig. 6.

4.4 Conducting the penalty matrix for assembly planning

The penalty index represents the cost incurred by assigning
an unsuitable, unfeasible, or difficult assembly operation.
Table 1 presents an illustrative example of penalty weight-
ings of some critical factors. For instance, the penalty index
is set to 0 if part i has absolutely no contact with part j; the
penalty index is set to 7~9 if the assembly relation is a
“loose above” relation or very difficult; the penalty index is
set to 4~6 if the assembly relation seems to be a little
difficult or requires careful operation; the penalty index is
set to 1~3 if the assembly relation is simple or an absolute
above relation. By employing the idea of a penalty, other
critical factors concerning assembly planning, such as the

@ Springer

frequency of changing tools, the similarity of assembly
operations, the quality of assembly, the complexity of
assembly, etc., can simultaneously be considered.

4.5 Procedures and interfaces for creating a KBE system

A knowledge-based ASP is created from a knowledge
base and technical database in the engineering and design

Part Name
PL (Pillow)
BD (Board)
CR (Cover)
BRI (Bearing 1)
MG (Magnet)
CS (Case)
IMP (linpeller)
FN (Fastener)
SP (Spring)
FR (Frame)
BR2 (Bearing 2)

Z
[=]

O[O0 | =) O [ Lh | R | B e

4
/
—
(=]

&
74
)
—
—

Fig. 16 Parts list and exploded view of a DC brushless fan
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Fig. 17 The complete relational model graph and assembly precedence diagram of a DC brushless fan
Table 2 The optimal assembly
sequence of a toy car Optimal assembly sequence Parts Al TPV FN Weight Volume
1 ,CP 19 47 9 981.88 125,415.99
2 2»RD 4 8 10 31.42 11,246.39
3 sDG 5 8 27 4.83 3,452.57
4 17PP 10 29 11 83.64 29,935.98
5 9GS2 3 3 5 22 1.96 1,397.92
6 sGS2 2 3 5 22 1.12 802.85
7 ,GS2_1 6 16 1 3.07 392.7
8 12PO 2 3 2 56.34 20,165.61
9 11GS3_2 3 26 2.28 1,628.77
10 10GS3_1 6 16 1 3.07 392.7
11 6GSI1 3 3 22 1.08 771.23
12 sGS1 2 3 22 0.87 623.61
13 4GS1 1 6 16 1 3.07 392.7
14 1sPP2 8 22 11 17.66 6,321.76
15 10PPS1 4 6 3 0.13 14.99
16 20PPS2 4 5 3 0.11 14.86
17 28SR 7 4 4 27.58 3,522.26
18 21RA 7 13 3 29.79 3,804.98
19 13 LBW 2 5 7 308.9 219,936.4
20 23 RBW 2 3 7 307.67 219,928.32
21 14aLFW 2 3 9 176.9 119,227.68
22 24RFW 2 3 9 164.33 119,214.45
23 26SP1 2 6 3 9.99 1,288.59
24 27SP2 2 6 3 9.85 1,276.48
25 25SL 2 3 2 234.01 83,756.14
26 1MB 7 17 28 932.5 333,750.12
27 15sBS1 4 10 3 2.38 303.99
28 16BS2 4 10 3 2.36 302.45
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Table 3 The optimal assembly

sequence of a toy motorbike Optimal assembly sequence Parts Al TPV FN Weight Volume
1 sMMBI 5 13 20 7.35 7,697.04
2 13MPE 9 19 4 5.19 5,176.46
3 10MMB2 5 17 20 6.78 7,696.73
4 1aMS 3 8 2 1.53 2,297.29
5 1MN 3 10 3 0.78 856.50
6 17MW3 1 9 4 8.13 7,296.14
7 sMB2_1 4 23 3 1.2 1,931.29
8 sMB3_2 3 16 5 1.41 1,892.18
9 1MA 8 52 2 3.32 2,907.56
10 16MW2 2 9 4 8 7,295.23
11 sMB2_2 4 18 3 1.18 1,930.96
12 sMB3_1 3 5 5 1.4 1,891.72
13 >MBI1 2 11 4 2.49 3,841.38
14 1sMW1 2 4 4 7.99 7,294.86
15 12MPN 3 12 5 1.28 1,619.55
16 sMH1 2 4 3 0.17 231.61
17 sMH2 2 3 3 0.15 230.56

arena. The KBE system can be fulfilled using object-
oriented language, engineering algorithms, and externally
connected databases using KF programming. The first
stage of creating a KBE system is to generate an
explosion view using Above Graph rules. In the second
stage, the global optimal assembly sequence can be created
through transformation of the APD. In the final stage, the
feasible assembly sequences of various products can be
promptly obtained using an embedded robust BPNN engine.
Some real-world products of interest are used to demonstrate
the above-mentioned scheme under the NX/KF-based KBE
system.

In Fig. 7, the part parameter of a Ul-style push button
gets the part name (*.Part) and part order in terms of the
corresponding part filter (Select Part), and the solid
parameters (i.e., the volume, weight, and feature number

(FN)) are represented on the other filter item (Select Solid).
Furthermore, the AI can be obtained in reference to
relational model graphs and the total penalty value (TPV)
created by engineering members in terms of the difficulty
of the assembly operations. In Figs. 8§, 9, and 10, the Ul-
style interface shows the BPNN parameters, explosion
graph, and ASP generation.

5 Illustrative examples for developing a KBE system

5.1 Creating the exploded view, relational model graph,
and APD

An exploded view can be directly created from the Above
Graph, which possesses the contact relationships of a

Table 4 The optimal assembly

sequence of a DC brushless Optimal assembly sequence Parts Al TPV FN Weight Volume

fon 1 7IMP 8 45.5 140 23.95 10,888.17
2 6CS 4 26.5 3.12 1,200.74
3 sMG 2 14 2 5.25 2,627.48
4 oSP 3 13 3 0.10 12.86
5 4BR1 5 9.5 4 1.3 165.88
6 3CR 4 18 17 18.87 2,028.76
7 »BD 4 33 2 3.30 660.71
8 \PL 8 39.5 32 28.00 15,135.53
9 10FR 2 14.5 11 18.54 14,834.66
10 11BR2 5 10 4 1.3 165.88
11 sFN 3 20.5 3 0.01 7.24
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Table 5 Information on the
factor settings with the Taguchi Item Control factor Level 1 Level 2 Level 3
method
Fi Transfer function Hyperbolic tangent Sigmoid
Ny Number of neurons in the hidden layer 8 13 18
R Learning rate 0.7 0.8 0.9
M, Momentum 0.7 0.8 0.9
E, Epochs 20,000 35,000 50,000

spatial structure. Figure 11 shows the parts list, assembly
codes, and exploded view. The validity of each exploded
view can be confirmed by the contact relationships of the
spatial structure and Above Graphs. Exact assembly plans
can be derived by applying a correct exploded view.
Figure 12 shows the complete RMG and APD for the
proposed training sample of the case study.

5.2 Developing the BPNN engine

In this study, a toy car was used as a training sample, while
a DC brushless fan and a toy motorbike were employed to
test and verify the samples. Figures 13, 14. 15, 16, and 17
show the parts list, assembly codes, exploded view, and
complete RMG and APD of the latter samples, respectively.
The characteristics of each assembly part include the
number of the Al, TPV, FN, weight, and volume. These
characteristics are commonly regarded as the larger the
better for the assembly sequence priority. The optimal
sequences resulting in information on five characteristics of

the toy car, motorbike, and DC brushless fan are given in
Tables 2, 3, and 4, respectively.

The toy car, toy motorbike, and DC brushless fan were,
respectively, decomposed into 28, 17, and 11 parts. Each
part has five characteristic parameters: the value of the Al,
TPV, FN, weight, and volume, which are used as network
input parameters, and one expected network output adopts
the ranking number of the optimal assembly sequence.

In parameter optimization of neural networks, the
Taguchi method is used to obtain the optimal parameter
settings of the BPNN. Since the number of hidden layers
did not have a significant effect on convergence in this
study, the number of hidden layer was set to 1. The
controlling factors of the Taguchi method are the transfer
function (F;), the number of hidden neurons (M), the
learning rate (R;), momentum (M,), and epochs (E,).
Information on the factor settings at different levels is
given in Table 5. Under the condition of five factors, one
for two levels and four for three levels, and no correlation
among the five factors, the total degrees of freedom were

Fig. 18 Main effect plots of
BPNN factors . q
Main Effects Plot (data means) for SN ratios
Active Function Neuron Learning Rate
70.0
67.5
65.0 /\ /‘
62.54 L4 L J & \ ‘/v
w
S 60.0
=
=
= T T T T T T T T
% Sigmoid_Axon Tanh_Axon 8 13 18 0.7 0.8 0.9
s Moment Epoch
: 70.0 omentum poc!
S
D
S 675
65.0-1 /\’
62.5
60.0- ’\/ /
T T T T T T
0.7 0.8 0.9 20000 35000 50000
Signal-to-noise: Nominal is best (-10*Log(s**2))
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17 (ie., 1x(2—1)+4x(5-1)). An Lz (2'x3% orthogonal
array was selected to arrange the factors and carry out the
experiment. In this experiment, the predicted performance
(mean square error) of Y was the smaller the better for
different combinations of factor levels. T is the average of
two Y’s in each replication. The optimal combination of factor
levels was the experiment with the largest S/N ratio. From
experimental results of the Taguchi method, the main effects
plots of BPNN factors through the Taguchi method are given
in Fig. 18. The optimal combination of factor levels is
represented by the following: a BPNN architecture of 5-13-1,
a hyperbolic tangent transfer function, 35,000 calculation
generations, a learning rate of 0.9, and a momentum of 0.9. In
this study, a toy car was used as a training sample, while a DC
brushless fan and a toy motorbike were employed as test
samples. The performance of the BPNN engine was a training
RMSE of 0.055357604 and a test RMSE of 0.015026421 for
the best generalization, and the prediction results of the toy
motorbike assembly sequence are shown in Fig. 19.

5.3 Operational procedures of the KBE system

In this section, two real-world products, a brushless DC fan
and toy motorbike, are presented to demonstrate ASP by
the KBE system. The operational procedures are shown in
Fig. 20 and are composed of five steps.

Step 1.

Access geometric information in the KBE data-
base on feature numbers, weight, and volume
created by the NX CAD modeling system

Build Components Information
Create TPV and Assembly Incidence »

Select Parts and Solids

Construct BPNN Engine »
Generate Explosion Graph and ASP  »

09
08

0T

8

4 9 10 11 12 13 14 15 16 17
Parts

Fig. 19 An assembly sequence prediction by the BPNN engine
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(1) V

Access the geometry
information :
volumn, weight and
feature no. via NX

e

Input contact
relationship no. and
total penalty values.

via Ul-style

Database :
components
information

e v
Construct BPNN engine

Training the samples

Generate the
BPNNweights

Testing the samples

Output

assembly
sequence
Knowledge base :
<7 Assembly sequences

V and explosion rules

Build assembly sequences
and explosion views

e v

‘ Integral ASP simulation

<

End

Fig. 20 Operational procedures of the knowledge-based engineering
system

Step 2. Input the contact relationship number and TPVs to
formulate the training and testing data using the

Ul-style NX tool

Build Components Information »
Create TPV and Assembly Incidence »
Construct BPNN Engine »
Generate Explosion Graph and ASP  »

Input Assembly Incidence

Input Total Penalty Value

Step 3. Construct BPNN engines by implementing BPNN
training and test processes using the NX KF
language.

Build Components Information »

Create TPV and Assembly Incidence »

Construct BPNN Engine L4 BPNN Training ‘

Generate Explosion Graph and ASP  »
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Fig. 21 Parts list and exploded Evgiode Gaph e
view of a DC brushless fan o
using the NX interface

1 n

|2 BD

3 =

|4 BR1

5 MG

6 cs

7 P

e L]

|9 s

1] FR

1 BR2

0] [Camy ) [Concel )

Step 4. Automatically build the explosion views and “Above” rules of the explosion graph and
generate assembly sequences in terms of APD precedence relationships.
Build Components Information 3
Create TPV and Assembly Incidence »
Construct BPNN Engine v

Generate Explosion Graph and ASP  »

Step 5. Conduct an entire ASP simulation through steps respectively represented in Figs. 21, 22, 23, and
1~5 as instances of interest for an 11-piece DC 24. Figures 21 and 23 show part list and exploded
brushless fan and a 17-piece toy motorbike view of a DC brushless fan and a toy motorbike

Fig. 22 Assembly sequence (Exglods Gragh Ammmbly Seqoeres |

planning generation of a DC émr;ﬁsp [ ]Close Asinbly Sequence display

brushless fan using the NX PatNO. PatMeme .  Asembly Sequence

interface : i )

2 BD 7
3 CR 6
4 BR1 5
5 MG 3
6 cs 2
b IMP 1
] 2. 1
9 5P 4 @
10 R 9
11 BR2 10

PRed Code i "Amembly Sequence Code™
Green Code i “Part HO.*
Aszmbly 8

o 55|

ok [Cmly ) [“Canerl )
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Fig. 23' Expl.oded view of a toy [ Erolole Gaph [Asably Soqma]
motorbike using the NX
interface | e |
[ Select Line |
[ Select Circle |
[ Stert Exploding
PatNO.  Part Name .
1 MA
2 MB1
3 MEZ_I
4 MEZ 2
5 ME3_1
6 MB3 2
7 MHL
8 MH2
] MMB1
10 MME2
1 MK
12 MEN
13 MPE
14 ME
15 MW
16 MWz
(17 MW3
ook [ Aty | [ Coneel |

using the NX interface. Figures 22 and 24 show
assembly sequence planning generation of a DC
fan and a toy motorbike using the NX interface.

6 Conclusions and future work

Theoretically, an assembly plan can be optimized based
on factors of the shortest assembly time and assembly
sequence optimization. However, there are uncertain
factors prior to the determination of the optimized
assembly scheme and the completion of the jig and
fixture. The system proposed in this paper adopts a three-

Fig. 24 Assembly sequence
planning generation of a toy
motorbike using the NX PartNO.  PortHame

interface ! WA
MBI

MEZ_1

16 MWZ
17 MW

Red Code i "Assembly Sequence Code™

Green Code & "Part HO.®

Asembly !]
0

[Exglode Gragh| Assembly Sequence |
(8 tmplement ASP [~] Close Assembly Sequence disploy
Asmmbly Sequence

stage integrated assembly planning approach to express
the complexity of the assembly relations and evaluate the
feasibility of the respective assembly sequences in the
design phase. The experimental results for the case study
verified the feasibility of the KBE system, which
facilitates the DFA in potential applications of 3D
component models to facilitate the manual or automatic
assembly in a virtual environment and allows the
designer to recognize the relative positions, geometric
constraints, and relationships of the 3D components
using the following graph-oriented methods: the Above
Graph, APD, and relational model graph. The planner
can further generate a correct explosion graph and

9
13
7
11
12

85

O [ apply | [ Concel
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construct an incidence matrix for validating the assembly
relationships by applying the Above Graph and relation
models.

The future work will be focused on enhancing the BPNN

predictor accuracy through consolidating the KBE system
database, comparing with various ASP results via global
searching tools: guided GA, MA, SA, and PSO and the
more representative products will be chosen to validate the
performance of the underlying KBE system.
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