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Abstract

The determination of assembly sequence in general mechanical assemblies plays an important role in terms of manufacturing cost, duration
and quality.

In the production of ships and offshore plants, the consideration of productivity factors and welding deformation is crucial in determining the
optimal assembly sequence. In shipbuilding and offshore industries, most assembly sequence planning has been done according to engineers'
decisions based on extensive experience. This may result in error-prone planning and sub-optimal sequence, especially when dealing with
unfamiliar block assemblies composed of dozens of parts.

This paper presents an assembly sequence planning method for block assemblies. The proposed method basically considers geometric
characteristics of blocks to determine feasible assembly sequences, as well as assembly process and productivity factors. Then the assembly
sequence with minimal welding deformation is selected based on simplified welding distortion analysis. The method is validated using an
asymmetric assembly model and the results indicate that it is capable of generating an optimal assembly sequence.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

For a better competiveness in manufacturing ships and
offshore structures, good quality which satisfies customer
needs is very important. In particular, higher-quality
manufacturing of offshore structures is now required. Ship
and offshore structures are usually manufactured by dividing
dozens of blocks where each block is composed of dozens or
hundreds of plates.

For the enhancement of productivity and quality, many
researchers focused on efficient welding distortion prediction
method, optimal welding sequence problems, as well as their
impact on the production schedule. Simplified welding

distortion prediction methods have been developed by many
researchers, and some researches considered the constraining
effects (Kim et al., 2014a,b). Most of the simplified analysis
methods are based on inherent strain concept and provide
comparatively faster than 3D thermos-elasto-plastic analysis
with reasonable analysis accuracy. Hetero-Layered Approach
(HLA) is a simple thermal elasto-plastic analysis (Kim et al.,
2014a,b). It is intended to simulate T-joint model and imposes
heat loads in the multi-layer shell elements. Another simplified
welding distortion analysis method is Improved Equivalent
Strain Method (Improved ESM) and it is described as three-
dimensional tri-axial restraint model considering temperature
gradient (Kim et al., 2014a,b). This method was applied to
evaluate the reduction of welding distortion during the cooling
stage by external restraints imposed normal to the plate. In
addition, elasto-plastic-based Strain as Directed Boundary
method (SDB) was proposed and applied to simple butt joint
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(Ha, 2011). In order to be available to consider both flange and
web distortion in fillet joint, a composite layered shell is
applied in the conventional SDB (Kim et al., 2015a,b). How-
ever, they focused on the welding itself and did not applied to
the determination of welding sequence problems. Some other
researches focused on the optimal load balancing and sched-
uling problems (Cheng et al., 1996; Kim et al., 2000; Mula
et al., 2006). They emphasized the impact of assembly
sequence (precedence constraint) as one of the most critical
constraints in their formulation. However, they assumed that
the optimal assembly sequence is regarded as a priori, not the
parameter to determine.

Assembly sequence planning is one of the most important
tasks with regard to the quality and productivity in
manufacturing structures. It affects many aspects including
fixture design, crane and dock schedule and so on. Correct
assembly sequence planning can provide a good quality of
assembly and reduce manufacturing cost and time. However,
an incorrect assembly sequence may increase the complexity
of the manufacturing process and require substantial rework to
fit structures within allowable tolerances.

In order to determine a feasible assembly sequence, con-
straints between parts in a block and several manufacturing
processes in the working area should be carefully considered
at a basic level. For the assembly sequence planning, a method
using a liaison graph containing vertices and edges to express
parts and connection relationships among them based on
questions and answers was previously reported (Bourjault,
1984). Its limitation was that the number of questions and
answers increased exponentially with increasing of the number
of parts. Additional studies reported on reducing the number
of questions and answers by applying a net graph (Defazio and
Whitney, 1987) or rules based on engineers' experience
(Bourjault, 1984) However, the more complex a structure
become, the more limited its application because it depends
completely on the engineers' experiences.

With the advancement of computing systems, methods for
assembly sequence planning using artificial intelligence
methods or heuristic algorithms have been proposed (Zhang
et al., 2002; Chen et al., 2008; Yasin et al., 2010; Su, 2014).
Even though these are relatively easy to apply to determine the
optimal assembly sequences, they cannot guarantee a globally
optimal solution.

Recently, a method for determining an assembly sequence
automatically was introduced (Shipeng et al., 2013). It deter-
mined the preference relations between parts in the assembly
using case-based reasoning and represented logical and
physical relations between parts in matrix form so that feasible
assemblies that consider geometric constraints could be ob-
tained. However, the main challenge of this method is that it
does not reflect the real manufacturing environment in ship
and offshore manufacturing.

In ship and offshore manufacturing procedures, most parts
are assembled and joined by welding. Basically, the welding
process causes residual deformation in the assembled part
owing to local heating and cooling processes in the assembly. In
order to fit the dimensions of the assembled part, a rework

process is required which causes additional manufacturing cost
and manufacturing time. Therefore, welding deformation
should be considered in determining the optimal assembly
sequence since an incorrect assembly sequence may increase
the amount of welding deformation and is closely related to
assembly qualitymanufacturing cost andmanufacturing period.

When several parts are assembled by welding, the stiffness
between parts varies before and after welding. Because of this,
different amount of deformation appear for different assembly
sequences. Considering the amount of deformation is desirable
since it is directly related to the quality and productivity of the
final assembly. Therefore, many studies have been performed
to analyze the effects of welding sequences in manufacturing-
related fields. Most of studies selected specific unit assembly
from a target entire assembly and conducted experiments and
thermal elasto-plastic analysis. In addition, a simplified anal-
ysis method based on inherent strain has sometimes been
applied for analysis of welding deformation effects (Hardikar
et al., 2012; Park et al., 2013; Wang, 2013). In order to
consider welding deformation in the assembly process more
practically, the post-sequence method which places the most
influential joint welding in terms of welding deformation in
the last sequence was introduced to consider welding defor-
mation in welding sequence planning and was applied for
tack-welded assemblies (Ha, 2011, 2013). But he did not
include the productivity-related factors, such as turning-over,
parallel welding, and the likes.

This paper proposes an assembly sequence planning
method considering productivity and welding deformation in
ship and offshore manufacturing in order to achieve higher
quality and better productivity. The proposed method defines
the part types for all parts in the target assembly based on
case-based reasoning and takes into account constraints like
part movement, part location, welding type and simultaneous
welding conditions. In addition, welding deformations of
different magnitudes in accordance with different assembly
sequences are considered.

2. Assembly sequence planning method

As a preliminary step in the manufacturing of ships and
offshore blocks, the determination of the assembly sequence
has a significant impact on manufacturing cost, duration and
quality. The efficient work process flow, the amount of rework,
the scheduling of equipment and the number of operators
required may all depend on the assembly sequence. For effi-
cient process flow, the shape of each part and assembly rela-
tion between parts should be analyzed. On the basis of this
analysis, productivity factors for minimizing the occurrence of
bottlenecks regarding equipment and workers should be
considered. Additionally, the amount of rework is closely
related to the degree of welding deformation affecting pro-
duction cost and duration as well as dimensional quality of the
structure. Therefore, the influences of welding deformation for
different assembly sequences should also be considered.

The proposed assembly sequence planning method in this
paper considers productivity factors and the amount of
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welding deformation. A schematic diagram of the proposed
method is shown in Fig. 1. The first step of the proposed
method is to define the geometry parameters for each part and
relationships between the parts in the target assembly. These
parameters and relationships are used to define constraints at
each of the following steps. The determination of feasible
sequences which satisfy the geometry constraints in the as-
sembly is conducted in the second step. In order to consider
productivity in the manufacturing process, several constraint
conditions such as preference relations in terms of welding
type, part movement, part position, simultaneous welding, tool
changes and turn-over are defined. In the final step, a simpli-
fied welding simulation is performed on the candidates of the
optimal assembly sequence that satisfies all of the constraints
of the preceding steps. The optimal assembly sequence is
selected by comparing the results of the welding simulation.

2.1. Feasible assembly sequence generation

The first step in determining the assembly sequence is to
define the geometry information of all parts in the target as-
sembly. These data based on the Cartesian coordinate based
modeling information of the target assembly. When the target
assembly is composed of non-curved parts, all parts and their
assemblies can be represented by defining the node informa-
tion of the corners of each part and the part-to-part junctions.
Fig. 2 shows an example of defining geometry information
using the node information in target assembly modeling. The
node information at the corners of each part represents the
geometric shape and position information. In addition, when
nodes overlap between two arbitrary parts, these two parts
may be considered to be in a contact relationship.

An assembly is composed of two or more parts and each
part in the assembly has different connection and movement

directions. These may constitute an important standard, i.e.,
whether or not the assembly sequence is geometrically
possible. In order to arrange the connection and movement
directions of each part in an assembly logically, contact re-
lations and interference relations are formulated. Cartesian
coordinates express these relations for flat plates using the
notation (þx, þy, þz, �x, �y, �z). In addition, Boolean
operators are used to evaluate whether contact and interference
relations exist. As proposed by Shipeng et al., contact and
interference relations are expressed as follows.

Cðp;qÞ ¼ ðC1;C2;C3;C4;C5;C6Þ;Ci/½0;1�; i¼ 1� 6 ð1Þ

Tðp;qÞ ¼ ðT1;T2;T3;T4;T5;T6Þ;Ti/½0;1�; i¼ 1� 6 ð2Þ
Cðp;  qÞ represents the contact relation when part p is assem-
bled together with part q. Ci has a value of 1 or 0 depending on
whether a contact relation exists or not respectively, and the
subscript i indicates the direction in Cartesian coordinates. For
example, C(p, q)¼ (0, 1, 0, 0, 0, 0) means that part p has a
contact relation with part q in the þy direction. On the other
hand, T(p, q) denotes an interference relation in which the
movement of part p is interrupted by part q. If part p interferes
with part q, then the value of Ti is 0, otherwise, the value of Ti
is 1. For example, T(p, q)¼ (0, 1, 1, 1, 1, 1) means that the
movement of part p only interferes in the þx direction with
part q. The arrangement of all relations among all parts in an
assembly is expressed in a matrix form, and the size of the
matrix depends on the number of parts in the assembly. Each
element of the matrix is composed of an evaluation vector
based on the Cartesian coordinate system.

From all possible assembly sequences which depend on the
number of parts, contact and the interference relations must be
carefully taken into account to obtain feasible assembly se-
quences that satisfy geometric constraints between parts. In

Fig. 1. Schematic diagram of the assembly sequence planning algorithm.
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order for an assembly sequence to be feasible in terms of
contact relations, a newly connected part in each order should
have at least one contact relation with the existing parts or sub-
assembly. That is, there must be at least one value of 1 in the
following constraint condition regarding the contact relation.

ðBCiÞj ¼ Cðj; j� 1Þ
��� Cðj; j� 2Þ

���…���Cðj;1Þ ð3Þ
On the other hand, in order for an assembly sequence to

become feasible in terms of interference relations, a newly
connected part in each order should have at least one movable
direction relative to the existing parts or sub-assemblies of the
newly connected part. That is, there should be no ðBTiÞj ¼ (0,
0, 0, 0, 0, 0) in the following constraint condition regarding the
interference relation.

ðBTiÞj ¼ Tðj; j� 1Þ&Tðj; j� 2Þ&…&Tðj;1Þ ð4Þ
If ðBCiÞj and ðBTiÞj have at least one value of 1, then the

assembly sequence i is a feasible and satisfies the geometric
constraints.

2.2. Constraint conditions considering productivity

Productivity is closely related to various factors such as
work environment and work schedule management to mini-
mize bottleneck, and these factors have a considerable influ-
ence on manufacturing period, cost and quality. Therefore,
productivity-related factors must be carefully taken into ac-
count in determining the assembly sequence. To this end, in an
assembly composed of two or more parts, the type of each part
should be categorized. Even if the assembly is composed of
dozens of parts, all parts can be categorized in terms of part
types by analyzing their shapes, positions and the connection
relations for each part through case-based reasoning, which is
a technique for estimating future cases based on previous cases
(Shipeng et al., 2013; Su, 2014). The categorized part type
information can be used as a parameter to define constraints in
order to reflect productivity-related factors. These constraint
conditions help to consider productivity factors in assembly
sequence planning. The proposed method takes into account
simultaneous welding, turn-over, tool change, and interference
direction as productivity factors.

As a preliminary step in considering productivity factors
for assembly sequence planning, part types are defined

through case-based reasoning. Parts are usually connected in
one of three ways: a butt, fillet or through. In ship production,
for instance, panels are first connected by butt welding. Then,
stiffeners and web frames are joined to the panels by fillet
welding. In the case of a floor or girder, a through connection
is used. Based on consideration of connection type and part
location, particularly for butt, fillet, and through connections,
three types of parts B, L and T, are defined. The B type is
defined as a butt-welded plate, usually lies parallel to the floor,
and is connected by a butt connection to the same type of part.
The L type is defined as a longitudinal stiffener. It lies
perpendicular to the floor and is parallel to the butt-welding
direction between B type parts. The T type is defined as a
transverse stiffener. It is perpendicular to an L-type part. The
B type is connected to an L type or T type by a fillet
connection as a base plate in the assembly. Additionally, L and
T types are connected by a fillet or through connection.

Based on part type information, the constraint conditions
regarding connection priority, simultaneous welding, tool
change, interference direction, turn-over are defined as
productivity-related factors.

The connection priority between parts in an assembly is
affected by the positions of the parts, the number of parts that
are correlated when a part is connected and other empirical
information. Usually, butt welding is conducted before fillet
welding and longitudinal fillet welding is conducted before
transverse fillet welding. This could be one factor used to
derive the optimal assembly sequence by providing reasonable
plausibility.

One way to dramatically increase productivity is to cate-
gorize similar assembly processes based on the target block.
Similar assembly processes may be conducted at the same
time by automatic welding or by several workers. In the
proposed assembly sequence planning method, a simultaneous
welding is considered. In order to take this into account, the
proposed method defines the condition in which simultaneous
welding process happens when there is no contact relation
between two arbitrary parts in the target assembly (i.e.
Cpq¼ (0, 0, 0, 0, 0, 0)) and the part types of these two parts are
same.

Turn-over work is usually performed to enhance the work
efficiency in assembling parts by flat position welding. In
terms of productivity, the greater the amount of turn-over

Fig. 2. Connection types by welding.
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work, the more inefficient the whole assembly process since
the use of lugs and a crane costs significant time in the as-
sembly process. Therefore, minimizing turn-over work
required owing to the improper assembly planning could make
the assembly process more efficient in terms of productivity.
The occurrence of turn-over work can be defined by using the
constraints of contact relations. In a contact relation, only the
z-axis direction is considered as to whether turn-over work
occurs. In the assembly, a contact relation in the positive z-
direction means that the new part is located at the bottom of
the assembled part. Hence, turn-over work is required to
assemble the new part. The occurrence frequency of turn-over
work can be defined as follows.

Turn Over¼
8<
:

0 ; j¼ 1Xn

j¼2

ðBC3Þj; j� 2 ð5Þ

As previously discussed by Shipeng et al., tool change and
interference could also be considered as constraint factors for
productivity. A tool change is a constraint factor that evaluates
the occurrence frequency of different assembly processes.
That is, in order to connect two parts of another connection
type after connecting two parts of a certain connection type, a
delay time is incurred owing to preparation processes such as
moving equipment and resetting the welding condition. Since
delay time varies widely according to the work environment
and conditions, the proposed method considers the tool change
as a number of occurrences and defines a tool change when the
current connection type is different from the connection type
of the previous process. The total tool change amount is
defined as the sum of the number of tool changes during the
assembly process as follows:

Tool Change¼
8<
:

0 ; j¼ 1Xn

j¼2

Typej; j� 2 ð6Þ

Typej ¼
�
1 ; if jsj� 1
0 ;otherwise

ð7Þ

When a part is connected to a previously assembled part,
the distance of part movement should be minimized for higher
productivity. This is related to the interference relation be-
tween a part to be connected and the assembled part. The
greater the degrees of freedom of the part to be connected to
the assembled part, the less part movement is required. Hence,
the geometric constraint which evaluates interference relations
for assembly, is used again. As mentioned before, this
constraint expresses interference relations between parts using
values of 0 or 1. The number of interference directions can be
expressed by

Interference Direction¼
8<
:

0 ; j¼ 1Xn

j¼2

"
6�

X6

i¼1

ðBTiÞj
#
; j� 2

ð8Þ

The interference direction denotes the subtraction of the
sum of constraints related to interference relations among the
six directions in the Cartesian coordinate system. By adding
the interference direction in assembly sequence planning, part
movements during the assembly process could be considered
for greater productivity in manufacturing.

Among the factors for productivity, simultaneous welding
processes are frequently performed by automatic welding or
by several workers. Therefore, this is important to consider in
determining the assembly sequence. On the other hand, the
other factors interdependently affect productivity, and the
importance of each factor can vary depending on the number
of parts and types in an assembly. Therefore, the objective
function is defined as in Eq. (9) in order to consider these
factors for productivity. In the objective function, all cost
factors hinder productivity and each cost is defined based on
the number of corresponding events. The weight factors are
determined by case-based reasoning based on empirical fac-
tors and the sum of the weights is 1. The objective of this
function is to find assembly sequences of minimal cost.

Objective function¼ h1CTþ h2IDþ h3TO ð9Þ
where, CT: tool change cost.

ID: interference direction cost.
TO: turn-over cost.
h1; h2; h3: weight factors.

2.3. Welding deformation

The three-dimensional thermos-elasto-plastic analysis is a
comparatively accurate method for analyzing welding defor-
mation. However, it is unsuitable for analyzing welding
deformation of an assembly because analysis time is expo-
nentially increased according to the size and complexity of the
structure. As an alternative, inherent strain based simplified
analysis is suitable owing to its fast and qualitatively reason-
able analysis characteristics. Therefore, the proposed method
uses elasto-plastic-based Strain as Directed Boundary method
(SDB) for the analysis of welding distortion due to its more
simple and faster applicability than other methods.

3. Case study

3.1. Target model

The proposed assembly sequence planning method was
validated using the asymmetric assembly model consisting of
seven parts as shown in Fig. 3. In the assembly model, P1 and
P2 are connected by butt welding with no turn-over operations
owing to the groove shape. The four webs are reinforced by
fillet welding and P5 is connected by fillet welding to the
adjacent webs. In addition to the three part types of B, L, and
T, P5 in the model should be classified as a new part type.
Therefore, the assembly model contains four types of parts as
shown in Table 1.
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3.2. Results and discussion

From the geometry information for the asymmetric model,
its contact and interference relations are defined as shown in
Figs. 4 and 5.

Since the assembly model is composed of seven parts, the
total number of cases in the assembly sequence is 5040. In
order to reduce the number of assembly sequences, geometric

conditions defined from contact and interference relations are
applied; only 1964 assembly sequences satisfied these.

As the next step, productivity related constraint factors
were applied. First, the constraints of a simultaneous welding
condition were considered. In the assembly model, the com-
binations of parts satisfying the simultaneous welding condi-
tion were P3 e P6 and P4 e P7. Parts that could be welded
simultaneously within the assembly sequence were placed
adjacent to each other. Therefore, 80 assembly sequences
satisfied the constraints of simultaneous welding among the
assembly sequences satisfying the geometric constraints.
Additionally, connection priority for the assembly according
to part type in the assembly was considered as a constraint.
The remaining three factors of interference direction, turn over

Fig. 3. Geometry information of the case study model.

Table 1

Part type information of the target model.

Part P1 P2 P3 P4 P5 P6 P7

Part Type B B L T N L T

Fig. 4. Contact relation of the asymmetric model, C.
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and tool change were considered simultaneously using the
fitness function. Table 2 indicates the remaining assembly
sequences and the productivity related cost of each candidate
for the optimal assembly sequence.

Although the distribution of the weights varied, the candi-
dates for the ultimately derived order were the same. This was
because the influence of each productivity-related factor was
not critical in the case of this asymmetric assembly model.

In conclusion, only two sequences were extracted as can-
didates for the optimal assembly sequence (see Table 3).

With regard to the final candidates for the assembly se-
quences, the elasto-plastic-based strain as directed boundary
method was applied to analyze welding deformation after the
assembly process. In order to analyze welding deformation
according to different assembly sequences, the amounts of
deformation in both the x-direction of P6 and the z-directions
of P1, P2 and P5 were compared (see Fig. 6).

Dz1 ¼
X8

i¼1

Dz1i ð10Þ

Dz2 ¼
X4

i¼1

Dz2i ð11Þ

Dx¼
X2

i¼1

Dxi ð12Þ

Table 4 shows the comparison of the amount of deforma-
tion for different assembly sequences (see Fig. 7).

The second candidate for the optimal assembly sequence
had less total deformation than the first candidate. As a result,
the second candidate is the optimal assembly sequence for the
target model considering both productivity and welding
deformation. However, the evaluation of the assembly with
minimal deformation may vary. That is, if only the deforma-
tion of a specific position in an assembly is considered
important, the optimal assembly sequence in terms of welding
deformation is not a sequence causing minimum deformation
for the whole assembly but rather a sequence with the smallest
deformation at the specific position of interest in the assembly.

Fig. 5. Interference relation of the asymmetric model, T.

Table 2

Candidates for the optimal assembly sequence before considering the objective

function and welding deformation.

Num. Assembly Sequences CT ID TO

1 P2/ P1/ P7/ P4/ P6/ P3/ P5 3 12 2

2 P2/ P1/ P4/ P7/ P6/ P3/ P5 3 12 2

3 P2/ P1/ P7/ P4/ P3/ P6/ P5 3 11 1

4 P2/P1/P4/P7/P3/P6/P5 3 11 1

5 P1/P2/P7/P4/P6/P3/P5 3 12 1

6 P1/P2/P4/P7/P6/P3/P5 3 12 2

7 P1/P2/P7/P4/P3/P6/P5 3 11 0

8 P1/P2/P4/P7/P3/P6/P5 3 11 1

9 P2/P1/P6/P3/P7/P4/P5 3 11 2

10 P2/P1/P6/P3/P4/P7/P5 3 11 1

11 P2/P1/P3/P6/P7/P4/P5 3 11 1

12 P2/P1/P3/P6/P4/P7/P5 3 11 0

13 P1/P2/P6/P3/P7/P4/P5 3 11 1

14 P1/P2/P6/P3/P4/P7/P5 3 11 0

15 P1/P2/P3/P6/P7/P4/P5 3 11 2

16 P1/P2/P3/P6/P4/P7/P5 3 11 1

Fig. 6. Deformation indices.

Table 3

Final candidates for the optimal assembly sequence.

Candidate no. Assembly Sequence

1 P1/P2/P7/P4/P3/P6/P5

2 P2/P1/P3/P6/P4/P7/P5

Table 4

Welding deformation results (mm).

Candidate no. Dx Dz1 Dz2 Total

1 4.78546 16.1266 6.66872 27.5808

2 4.91138 14.3537 6.73819 26.0033
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Even though the values of the welding deformation analysis
using the direct boundary method based on elasto-plastic
analysis has error compared to the experimental results, it
provides reasonable results in determining the assembly
sequence with a minimum amount of deformation by
comparing the cumulative total amount of deformation for
different assembly sequences [Ha, 2011, 2013]. This means
that the results of determining the optimal assembly sequence
in this case study are reasonable.

4. Conclusions

In this paper, a method for determining the optimum as-
sembly sequence considering productivity and welding
deformation was proposed. In shipbuilding and offshore in-
dustries, the determination of assembly sequences has tended
to depend only on empirical information. Although the pro-
posed method for obtaining geometrically feasible sequences
determines assembly sequences more logically, there are still
many limitations in determining the optimal welding
sequence.

The proposed method maintains a framework for deter-
mining a geometrically feasible assembly sequence. In addi-
tion, by defining productivity-related factors as constraint
factors to be considered in the manufacturing process, the
range of solutions for determining the optimal assembly
sequence could be reduced. Additionally, welding deforma-
tion, which is one of the most important factors to be
considered in the quality of assembly structures, is reflected in
assembly sequence determination. As a result, it is possible to
determine the optimum assembly sequence considering pro-
ductivity and welding deformation.

Acknowledgements

This material is based upon work supported by the Ministry
of Trade, Industry & Energy (MOTIE, Korea) under Industrial

Technology Innovation Program No. 10067156, ‘Development
of heavy structure dimensional accuracy measurement and
management software system for improving productivity in
shipbuilding companies’.

References

Bourjault, A., 1984. Contributionune approche methodologique del'assem-

blage automatise: elaboration automatique dessequences operatiores.

Thesis d'Etat. Universite de Franche-Comte, Besancon (in French).

Chen, W.C., Tai, P.H., Deng, W.J., Heieh, L.F., 2008. A three-stage integrated

approach for assembly sequence planning using neural networks. Expert

Syst. Appl. 32 (1), 245e253.

Cheng, R., Gen, M., Tsujimura, Y., 1996. A tutorial survey of job-shop

scheduling problems using genetic algorithms-I. Represent. Comput. Ind.

Engng 30 (4), 983e997.

Defazio, T.L., Whitney, D.E., 1987. Simplified generation of all mechanical

assembly sequences. IEEE J. Robot. Autom. RA-3 (6), 640e658.

Ha, Y.S., 2011. A study on weldment boundary condition for elasto-plastic

thermal distortion analysis of large welded structures. J. KWJS 29-4,

48e53.

Ha, Y.S., 2013. Analytical methodology obtaining an optimal welding

sequence for least distortion of welded structure. JWJ 31 (3), 54e59.

Hardikar, K.D., Nidgalkar, D.J., Inamdar, K.H., 2012. Techniques to ensure

minimum distortion of an assembly of metal parts induced due to the

process of welding used for an assembly. IJSER 3 (2), 1e4.
Kim, H., Kang, J., Park, S., 2000. Scheduling of shipyard block assembly

process using constraint satisfaction problem. Asia Pac. Mgmt. Rev. 7 (1),

119e138.

Kim, J.W., Jang, B.S., Kang, S.W., 2014a. A study on an efficient prediction of

welding deformation for T-joint laser welding of sandwich panel PART II:

proposal of a method to use shell element model. Int. J. Nav. Archit.

Ocean. Eng. 6, 245e256.

Kim, T.J., Jang, B.S., Kang, S.W., 2014b. Welding deformation analysis based

on improved equivalent strain method considering the effect of tempera-

ture gradients. Int. J. Nav. Archit. Ocean Eng. 7 (1), 157e173.

Kim, M.K., Kang, M.S., Chung, H., 2015a. Simplified welding distortion

analysis for fillet welding using composite shell elements. IJNAOE 7 (3),

452e465.

Kim, T.J., Jang, B.S., Kang, S.W., 2015b. Welding deformation analysis based

on improved equivalent strain method to cover external constraint during

cooling stage. Int. J. Nav. Archit. Ocean. Eng. 7, 805e816.

Mula, J., Poler, R., Garcia-Sabater, J.P., Lario, F.C., 2006. Models for pro-

duction planning under uncertainty: a review. Int. J. Prod. Econ. 103,

271e285.
Park, W., Kim, K.J., Won, S.T., 2013. Deformation and residual stress analysis

of automotive frame following as welding sequency variation. Trans.

Korean Soc. Automot. Eng. 21 (3), 50e57.
Shipeng, Q., Zuhua, J., Ningrong, T., 2013. An integrated method for block

assembly sequence planning in shipbuilding. Int. J. Adv. Manuf. Tech. 69,

1123e1135.

Su, Q., 2014. Applying case-based reasoning in assembly sequence planning.

Int. J. Prod. Res. 45, 29e47.

Wang, J., 2013. Reduction of welding distortion for an improved assembly

process for hatch coaming production. SNAME 737e744.

Yasin, A., Puteh, N., Daud, R., 2010. Product assembly sequence optimization

based on genetic algorithm. Int. J. Comput. Sce. Eng. Commun. 02 (09),

3065e3070.

Zhang, Y.Z., Ni, J., Lin, Z.Q., Lai, X.M., 2002. Automated sequencing and

sub-assembly detection in automobile body assembly planning. J. Mater.

Process. Technol. 129 (1e3), 490e494.

Fig. 7. Welding deformation at the final step.

457M. Kang et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 450e457




