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ABSTRACT

Assembly system configuration determines the topological arrangement of stations with defined logical
material flow among them. The design of assembly system configuration involves (1) subassembly planning
that defines subassembly tasks and between-task material flows and (2) workload balancing that
determines the task-station assignments. The assembly system configuration should be flexibly changed and
updated to cope with product design evolution and updating. However, the uncertainty in future product
evolution poses significant challenges to the assembly system configuration design since the higher cost can
be incurred if the assembly line suitable for future products is very different from that for the current
products. The major challenges include (1) the estimation of reconfiguration cost, (2) unavailability of
probability values for possible scenarios of product evolution, and (3) consideration of the impact of the
subassembly planning on the task-station assignments. To address these challenges, this paper formulates
a concurrent optimization problem to design the assembly system configuration by jointly determining the
subassembly planning and task-station assignments considering uncertain product evolution. A new
assembly-hierarchy similarity model is proposed to estimate the reconfiguration effort by comparing the

commonalities among different subassembly plans of current and potential future product designs. The
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assembly system configuration is chosen by maximizing both assembly-hierarchy similarity and assembly
system throughput under the worst-case scenario. A case study motivated by real-world scenarios
demonstrates the applicability of the proposed method including scenario analysis.

Keywords: assembly system configuration,; optimization; subassembly planning; reconfigurability; assembly

system.

1. INTRODUCTION

Assembly system configuration or logical layout refers to the topological
arrangement among the machines or assembly stations with logical material flows among
them, regardless of their physical locations. Thus, it reflects a logical layout of
stations/machines and is a critical step in the early stage of assembly system design. With
the expedited product development for meeting a variety of market demands,
manufacturers need to constantly adjust their assembly system configuration to launch
new products. The assembly system configuration design should be created flexible to
new product lines within a short period and strike a balance between system
reconfigurability and productivity to maximize the manufacturers’ long-term profit.

Benkamoun et al. [1] listed resources planning, layout configuration of stations,
distribution of operations among stations, assignment of resources, and line balancing as
possible sub-activities for assembly system configuration designs. Prior to these activities,
subassembly modules along with the associated assembly tasks should be determined by
assembly hierarchy, which concerns the hierarchical material flows among these tasks.
Fig. 1 shows an example of one serially linked product design with four components and

three assembly tasks. Two possible assembly hierarchies are given in Fig. 2, where
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Hierarchy 1 represents a sequential way of assembling AB, C, and D incrementally, while
Hierarchy 2 represents a parallel way of assembling AB and CD as two subassemblies, and
then combining them by assembly task 2 to complete the product A-B-C-D. In summary,
the assembly system configuration involves two decisions including: (1) the process
planning to determine subassembly modules, the associated tasks, and material flows

among these tasks and (2) assignment of these subassembly tasks to different stations.

OSOSCS0,

Fig. 1.A serially linked product design
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Fig. 2. Two possible assembly hierarchies for the product design in Fig. 1

The problem of exploring all possible assembly hierarchies is mostly equivalent to
subassembly identification, which determines the subassembly module at each level of
assembly hierarchy.

In addition, the assembly hierarchy also determines the assembly tasks to create
the subassembly modules. Different methods have been used to generate candidate
subassembly modules. For example, Homem de Mello and Sanderson [2] and Baldwin et

al. [3] used a “cut-set” method to enumerate all the subassemblies based on the assembly

MANU-18-1581-0, Wang



ASME Transactions, Journal of Manufacturing Science and Engineering

liaison diagram. The advantage of adopting the assembly liaison diagram is the
convenience of implementation on computers. Jiang [4, 5] also employed a liaison graph
method to realize the automated assembly hierarchy generation algorithm. Massive
research has been conducted on subassembly identification as reviewed by Wang and Liu
[6]. These research efforts mostly dealt with one generation of the products and did not
consider the improvement of assembly system reconfigurability for future product
evolution.

Koren et al. [7] studied the reconfigurable manufacturing system (RMS), which
adopts modular components and interfaces to cost-effectively create a variety of
manufacturing system configurations in response to dynamic market demands. The
reconfigurability of an RMS can be expressed as the ability to adjust the capacity and
functionality of production by rearranging/changing system components or modules. It
includes several inter-related characteristics, such as customization, convertibility,
scalability, modularity, integrability, diagnosability, module mobility as well as
automatability [8, 9]. The RMS research focused on different aspects of the
reconfigurability as reviewed in [9-11]. The reconfiguration problem has been treated as
either a scalability or convertibility problem [11-14]. The scalability planning considers the
changes in production volumes [15, 16], and the convertibility planning dealt with the
changes in product functionality [17]. Benkamoun et al. [1] focused on the assembly
system configuration design to deal with product variety and frequent market changes.

The uncertainty conditions have attracted attentions for different manufacturing

systems[18-20]. The uncertainty of production performance and reconfiguration in RMS
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also significantly affects assembly system designs. Several aspects of the uncertainty have
been considered in the existing research with a primary focus on stochastic leading time
[21] and demand uncertainty [22]. The evolvement of assembly systems is another
important aspect of the RMS research [23]. Several evaluation criteria have been
developed to help select the most appropriate configuration without the detailed
information on future system evolvements such as throughput, investment cost, floor
space, and system quality [8, 24, 25]. A number of methods were developed to determine
the reconfiguration planning by optimizing the reconfiguration time and cost [26, 27].
When the product evolution is considered, product family design and platform-
based product development have been massively studied over the last decade [28, 29]. A
product family refers to a set of similar products that are derived from a common
platform with specific features to meet certain requirements [30]. There are different
metrics for product family design including modularity, commonality, variety, cost and
other platform-related metrics [28]. In order to evaluate the similarity among different
product designs in a family, multiple methods have been proposed for the identification
of commonality [31, 32]. Thevenot and Simpson [33] compared various commonality
indices for assessing product families. These studies addressed product evolution from
the perspective of product designs. The co-evolution of product family design and
manufacturing system has been studied in [34, 35]. Limited research incorporated the
consideration of product evolution into assembly system configuration design. When
dealing with the RMS, prior research dealt with the estimation of future reconfigurations

based on a vision of new product designs, followed by the design of the assembly system
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configuration for the convenient or low-cost transition between product generations [36,
37]. Life cycle cost models were proposed to estimate the reconfiguration cost between
different product generations and manufacturing cost within a product generation [14,
17, 38]. Yuan et al. [39] proposed a multi-objective optimization scheduling model to
minimize the cost of assembly line reconstruction for a reconfigurable assembly system.
Ko and Hu [40, 41] considered product evolution and task recurrence for the
manufacturing system design for line balancing. These methods required the assembly
sequence or assembly hierarchy to be specified.

Through the literature review of the assembly system design and reconfiguration

planning, the following research challenges and gaps have been identified:

e Characterizing the impact of product evolution uncertainty on the assembly

system configuration. Product evolution exhibits uncertainty due to different

product line designs, i.e., there are a number of choices for the designs of the
next generation product line. The assembly system configuration should be
designed to reduce the potential reconfiguration cost even if the product lines
change/upgrade with uncertainty. State-of-the-art methods used probability
values to characterize the uncertainty of different evolution scenarios.
However, in the early stage of assembly system designs, there might be a lack
of sufficient data to model the product evolution probability and any change
in the probability can affect the system design outputs.

* Understanding the impact of subassembly planning/re-planning and the

material flow on assembly system reconfiguration. Multiple reconfiguration

6
MANU-18-1581-0, Wang



ASME Transactions, Journal of Manufacturing Science and Engineering

cost models have been proposed for assembly system designs [14, 17, 37, 40].
However, the existing research focused on the task-station reassignment
without considering the material flows among different assembly tasks that
are affected by the selected subassembly modules. Consideration of such
subassembly planning would also help arrange the conveyors and machines
in one station to reduce the potential reconfiguration cost.

e Jointly optimizing subassembly re-planning and system reconfiquration

strateqy under product evolution. When considering the uncertain product

evolution, most research dealt with the two problems separately.
Nevertheless, the two problems are closely related due to the impact of
subassembly planning/re-planning on assembly system reconfiguration. As
such, the decision on one problem could significantly influence the potential
solutions for the other problem.

e Developing an efficient solution algorithm for assembly system confiquration.

Mathematical formulations for the concurrent design problem of
subassembly re-planning and system reconfiguration usually have non-
deterministic polynomial-time hard (NP-hard) complexity. It has been shown
that when dealing with large-size problems, metaheuristic algorithms are
more computationally efficient [17, 42]. There is a lack of research that
customizes the metaheuristic algorithm for the concurrent optimization in the

assembly system configuration design under uncertain product evolution.
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This paper develops a method to optimize the assembly system configuration that
jointly concerns assembly system reconfiguration and subassembly re-planning
considering uncertain product evolution. The optimization is based on a model of
assembly hierarchy similarity for estimating potential system reconfiguration effort by
comparing the similarity between different assembly hierarchies. Unlike prior research,
this model does not require the assumption of any probability values for the uncertainty
scenarios, nor detailed values for the reconfiguration cost. The paper also develops an
efficient Evolutionary Algorithm (EA) with the chromosome representation and operators
that are customized to deal with the joint optimization problem.

The remainder of this paper is organized as follows. Section 2 formulates a
concurrent design problem of the subassembly planning and task-station assignments for
improving assembly system configuration design based on the development of a similarity
model for assembly hierarchies. Section 3 provides a detailed description of an efficient
EA customized to the formulated problem. Applicability of the proposed method is
demonstrated by a case study with a scenario analysis in Section 4. Section 5 summarizes
the findings from this study.

2. PROBLEM STATEMENT AND FORMULATION

This section presents a mathematical formulation of assembly system
configuration design under production evolution. Section 2.1 first discusses the impact of
uncertain product evolution on the subassembly planning problem and summarizes two
major challenges. Sections 2.2 and 2.3 propose a similarity model and formulate a joint

optimization model to deal with the challenges.
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2.1 Consideration of product evolution with uncertainty into subassembly planning

The state-of-the-art research utilized the probability to characterize the uncertain

product evolution. The traditional approaches encounter the following challenges for

implementation.

Availability of evolution probability. On many occasions, the probability data

might be not conveniently available in the early stage of product development
due to a lack of historical data. It may not be convenient to estimate the
probabilistic scenarios for different product evolution paths.

Estimation of the reconfiguration effort. Different methods/models have been

proposed to deal with the challenge, such as the task recurrence [21] and life
cycle cost [13]. There is a lack of research estimating the reconfiguration effort
or reconfigurability when the assembly hierarchies should be changed to deal
with the product evolution. The task recurrence and life-cycle cost models
considered the assignments of tasks/resources to the stations. However, the
hierarchical material flows among the tasks in one station also influence the
subassembly planning, potentially increasing the reconfiguration cost.
Specifically, when such subassembly planning changes, the subassemblies
dealt with by each station/machine could be different. As shown in Fig. 2, task
2 in the first subassembly planning generates subassembly ABC by combining
AB and C, whereas task 2 in the second subassembly planning generates
subassembly ABCD by combining different modules, i.e., AB and CD. Although

the task 2 in both subassembly plans deals with the same assembly liaison (B-
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C), it might be necessary for task 2 to make adjustments and conduct labor
training when the subassembly plan changes from one to another.
2.2 Assembly hierarchy-based similarity model

Any change in the assembly system configuration can alter the assembly hierarchy
(e.g., Fig. 2) including subassembly modules and the associated assembly tasks, the
assembly sequences, and the hierarchical material flows among the tasks. The higher
similarity in the assembly hierarchy between the products can allow for more convenient
system configuration change when the product evolves, reducing the reconfiguration
efforts. Thus, the similarity of assembly hierarchy can be employed to compare assembly
sequences and subassembly planning between the product designs at different
evolutions.

The assembly hierarchy similarity in this research is developed based on a BMIM
(bypassing moves and idle machines) similarity coefficient (Goyal et al. [43]), aiming to
estimate the reconfiguration effort. Different product designs in one product family
should have common components. The assembly hierarchy similarity is calculated by
comparing the material flows of these common components. Consider the examples,
presented in Figs. 1 and 2, and examine a sequence, by which each component flows
through multiple assembly tasks. In Hierarchy 1, component B flows through assembly
tasks 1 to 3 sequentially. Thus, the material flow of component B in Hierarchy 1is 1>2-3.
In Hierarchy 2, component B does not flow through assembly task 3, and the material flow
is 1->2. Once the information of material flow is known, the subassembly modules for

each assembly task are determined. Tasks 1, 2, and 3 in Hierarchy 1 perform assemblies
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of A+B, AB+C, ABC+D, respectively. In Hierarchy 2, these tasks assemble A+B, C+D, AB+CD,
respectively. As such, only the machines/fixtures/labors for Task 1 can be directly
reusable when the assembly hierarchy evolves with the product design. For Tasks 2 and
3, the subassembly modules are changed, and the machines/labors may require
adjustments or skill training, potentially increasing the reconfiguration cost.

The material flow similarity of the component e between assembly hierarchies u

and v is defined as

2:NOTLy e

SCupe =
V€ T 2.NOTLy e+3-NOBTy 1o +NOI 4 pe

Vu€eAveAdec€(, (2)

where the adopted notations are explained in Table 1. A longest common material flow
(LCMF) between two material flows is the longest common ordered subsequence in both
material flows with the same tasks and precedence relationship. It can also be defined as
follows: Given two material flows, X and Y, the goal of finding LCMF is to produce the
longest common subsequence such that the longest sequence of task numbers that
appear left-to-right (but not necessarily in a contiguous block) in both material flows. The
LCMF function is defined as follow:

Let two material flows be defined as X = (x,x, - x;,) and Y = (y1, V2 =" V),
where x; and y; represent the task numbers in the material flows. Based on X and Y,
also define a set of material flows X;, X, -+ X},,, where X; = (x4, x, - x;) € X,i < m, and
Yi,Y5 Yy, whereY; = (y1,y,--y;) €V,j <n. Let LCMF(X,,Y;) represent the set of

LCMF of X; and Y;. This set of LCMF is given by:
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1) ifi=00rj=0
LCMF(X,, ;) = {LCMF (Xi-1, Y1), x:) ifx=y
longest (LCMF (X, 1), LCMF(X,_1,Y}))  if x; #

A shortest joint material flow (S/MF) is an arrangement obtained from the LCMF, which
is the shortest possible length of a sequence that accommodates all the tasks of both
flows following their precedence constraints. Given two material flows X and Y, a
sequence U is a joint material flow of X and Y if some tasks in U can be removed to
produce X or Y. An S/MF is a joint material flow with a minimal number of tasks. For
example, consider two material flows for a certain component (Tasks 1->2->4->9-»5) and
(Tasks 1-52->5->9->8). The LCMF of the two flows follows Tasks 1->2->9. The SJMF can
be generated from the obtained LCMF by inserting the non-LCMF tasks while preserving
the task orders in each material flow. It should be noted that the SMF is not unique since
different SJMF's with the same length may be obtained by altering the positions of the
inserted tasks in both material flows based on the same LCMF . For example, the SJMF
of the two flows can be such as Tasks 1252->4->5->9->5->8, or Tasks
1>2->5-54-59->8->5, etc. The concepts LCMF and SJMF in this paper are derived from
the two commonly used concepts in computer science “Longest common substring (LCS)”
[44] and “Shortest common supersequence (SCS)” [45].

Table 1. Notations for the proposed similarity model

A A set of assembly hierarchies

u,v Two different assembly hierarchiesu € Aandv € A
Q Q ={A,B,(,D,...} common components in hierarchy u and hierarchy v
e Common component e, e € ()
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C) 0 ={1,2,3,4...} common tasks in hierarchy u and hierarchy v
t Common assembly task t, t € ©
The longest common material flow of component e between hierarchies
LCME,, .
e uand v
The shortest joint material flow of component e between hierarchies u
SIME, e
and v
NOTL, Number of the assembly tasks in LCME, ,, .
Number of bypassing tasks of component e calculated by LCME, ,, . and
NOBT, , . "
"~ SIME, v,
Number of end-idle tasks of component e calculated by LCME, ,,, and
NOIT, , . e
"~ SIME, v e
SA;y The subassembly module created by task t of hierarchy u
SS; equals 1if SA;,, = SA;,, and equals O otherwise.

Eqg. (1) conducts a comparison between the material flow of common components
for the current and future product designs that are related to assembly system changes
for reconfiguration when a task becomes idle, or an idle task becomes activated. An idle
task is defined as the one that is no longer used (idle) when the assembly hierarchy
changes. If the idle tasks are located at two ends of the material flow, they are defined as
the end-idle tasks. If they are located in the middle of the material flow, they are defined
as bypassing tasks. Fig. 3 compares the SMF of material flow 1 (i.e., 1->2->4->9->5) and
flow 2 (i.e., 1->2->5->9->8) that an assembly component goes through. One of the SJMF's
of material flows 1 and 2 is 1-52-54-59->5-59->8. Assuming the material flow 1 is
adopted, tasks 9 and 8 at the end of the SJMF are not activated at current stage. For flow
1, they are defined as the end-idle tasks enclosed by circles. When material flow 1 changes
to flow 2, the middle tasks 4 and 9 will be deactivated, and they are the bypassing tasks

enclosed by squares. Based on the concepts of idle and bypassing machines, the S/MF
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that gives the minimum number of both bypassing machines and idle machines should be

selected, resulting in less effort for reconfiguration.

Shortest joint material flow

Materialflow1 1-52-54-59-55 152-54-9->5-X9® O  End-idletasks
| .
Materialflow2 15255958 1->2-{4E9P5->9->8 L) Bypassingtasks

Fig. 3.Example of bypassing tasks and end-idle tasks

The multiplication coefficients in front of NOTL,, ,, ., NOBT,; ;, o, and NOIT, ,,, in
Eg. (1) are determined by the number of material transfer routes (e.g., conveyor) that
should be modified for future product designs. These coefficients can be changed when
different conveyor systems or configurations are selected. In this paper, it is assumed that
each task is associated with at least one transfer route for material input and one for
output. And if the task changes, both transfer routes need to be modified for
reconfiguration. As shown in Fig. 4, for the bypass tasks 4 and 9, one more route is needed
to connect tasks 2 and 5, indicating that four transfer routes (Please refer to the dashed
arrows under “Bypassing task”) should be modified for reconfiguration. For the end-idle
tasks 9 and 8, two transfer routes (the dashed arrows under “End-idle task”) should be

modified. The value of SC, ,, . should fall within [0,1].

1— 2 —4— 9 —>5 »@ ------ End-idletask

1 — 2 o , ...... »[9l.. »5—>9—§ Bypassing task

Fig. 4. lllustration of potential reconfiguration effort in Fig. 3
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When there are no bypass tasks and end-idle tasks, the similarity between the two

hierarchies is 1. Thus, the material flow similarity between two assembly hierarchies is

given as:

SCuy = XicaSCyuy;i-w; YU € A, v € A, (3)
where w; is the weight value of each common component in space (. For example, the
weight value could be proportional to the mass weight or the volume of the component,
and Y w; = 1.

The subassembly planning similarity is defined as

__ XteoSSt
SSuy = Sime) VU E AvEA, (4)

which falls within the range [0,1]. dim(®) is the total number of common tasks in both
hierarchies u and v. Eq. (4) reflects the percentage of the tasks that generate the same
subassemblies between two assembly hierarchies.

The rationale of the similarity model is that the higher similarity between two
assembly hierarchies for two products usually indicates similar subassembly planning and
material flow, and thus less reconfiguration effort/cost. The higher subassembly planning
similarity (SS,,,,) means lower reconfiguration effort in machine adjustment and less
investment in labor skill training; while the higher material flow similarity (SC,, ,,) usually
indicates less change on materials transfer among stations and raw materials feeding.
An example of the similarity model

Figure 5 shows an example of the product evolution from design (1) to design (2),
where the nodes represent the components and the numbers above the lines connecting

nodes represent assembly tasks. The assembly hierarchy involved in design (1) is given in
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Fig. 6.3, and there are two candidate assembly hierarchies for product design (2) as shown
in Figs. 6.b and 6.c, respectively. The subassembly planning (subassembly modules
generated by different assembly tasks) and material flows for all the common

components are given in Tables 2 and 3.

(1) (2)

Fig. 5. A simple product evolution from design (1) to (2)

(2)
(2) ()
ORO ORO
(2) () (2) (&)
ONO ONO
(a) (b)

Fig. 6. Assembly hierarchies for product design (1) and (2) in Fig. 5

By comparing Hierarchy (a) for design (1) and Hierarchy (b) for design (2), it can
be found that the subassembly modules created by the common tasks 1, 2, 3, and 4 are
the same, meaning SS,,, = 1, and therefore the machine adjustments and labor training
for these tasks are not needed. For the material flow, the similarity SC,,, between
Hierarchies (a) and (b) is 36%, which is higher than that (25%) between Hierarchies (a)
and (c). Thus, the reconfiguration from (a) to (b) requires less effort compared with the

reconfiguration from (a) to (c).
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Table 2. Subassembly modules created by different planning in Fig. 6

cnnaris | P60 | W | Tt
®
1
®
2 ®—©
3 ®—©
0.@
4 ®—©

Table 3. Material flow of common components among assembly tasks in Fig. 6

Common Hierarchy (a) for Hierarchy (b) for Hierarchy (c) for

Components design (1) design (2) design (2)
A 1-52-54-9 1->2-54-55-8 125253545558
B 1-52-54-9 1->2-54-55-8 125253545558
C 352549 352545558 253545558
D 3->2-4-9 35254558 354558
F 10-9 6>7->5->8 6>7->5->8
G 11-510->9 7558 7->5->8

2.3 Assembly System Configuration for Reconfigurability

Based on the proposed similarity model, a concurrent optimization model can be
formulated as follows.
Index sets of assembly tasks, stations, and product generation:

T=A{1,..,n} Set of all assembly tasks

S={1,..,m} Set of stations

17
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G =H{0,..,k} Set of different product designs in the current and future
generations. The value 0 stands for the current design and
1, ..., k are the candidate designs for the future generation.
Decision variables for assembly system configuration and assembly hierarchy:
Task-station Assignment:

X _ {1, if task t is assigned to station s for candidate design g
ts.g 0, otherwise

The number of machines at station s for candidate design g:
Ys,g € N (Positive integer)
Task precedence:

w _ {1, if task t; precedes t, in generation g
tut2d 7 0, otherwise

,t1, 6, €ET,sE€S,gEG.

These decision variables are developed to determine (1) the hierarchical
relationships of material flows among different assembly tasks and (2) the assignment of
these tasks to a certain quantity of stations for the current and future generations,
respectively. Different from prior research on line balancing, the task precedence is
unknown and should be optimized to determine the assembly task hierarchy.

Parameters: The following parameters are related to the assembly process setup and

practical constraints, and they should be predetermined.

P, teT Processing time of assembly task t

Q The length of production period for the new product design
Cgp JEG Assembly system’s cycle time for each product design

Mg, s€S The maximum number of machines at each station

18
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z;_f‘;_tz, t,t, €T Equals 1if t; and t, must be assigned to the same station,
and equals O otherwise

Zg_tz, t,t, €T Equals 1if t; and t, cannot be assigned to the same station,
and equals 0 otherwise

W&tz, ti,t, €T Known precedence required by practical constraints. They
are the same for all product generations. Equals 1 if t; must
precede t,, and equals 0 otherwise

fegr tET,gEG Equals 1if t is applied in g, and equals O otherwise

c_g Upper boundary for production cycle time
La,LB,Ly Estimated labor time needed for task-station reassignment

(Lg), transfer route modification (Lg), and machine/labor

adjustment (L,)
Objective function: The objective is to maximize the overall profit of the product designs,
considering potential product evolutions with uncertainty considering the worst-case
scenario. Since sometimes it is impractical to estimate the real dollar value of the profit,
equivalent measurement indices are introduced in this paper. Specifically, we consider
two index parts that are positively and negatively related to the profit, respectively. For
the positively related part, we propose an index (production period/cycle time), which
increases as the production increases. For the negatively related part, we introduce the
indices that reflect three different aspects of reconfiguration cost (L, Lg, Ly ). The

increased values of these indices reflect higher reconfiguration cost and thus lower profit.
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The worst-case consideration does not aim to replace the existing formulation in [37]
based on a given probability of evolution path. Sometimes, the value of the probability of
evolution path is impractical to obtain. Thus, it is critical to find a design and
reconfiguration planning robust to the worst scenario. The mathematical representation
of the objective is

. (o L L L
max min (— — E“R(xt,s_g, xt,s_o) — ?BSCW, — EVSSulv> (5)

Cg
where c; = max(QrerPXes g/t g), the term ¥ ierPex; s 4f¢ 4 Calculates the cycle time of
each station for different product designs, and max function finds the bottleneck station
(that has the longest cycle time among all stations) for the production system
corresponding to each product design. Q/cg reflects the impacts of the productivity
during a certain production period Q on the decisions, R(x) is the percentage of the tasks
that need task-station reassignments as determined by decision variables x; 5 5, and SC,, ,,
and SS,,,, are the similarity model proposed in Egs. (3)-(4), where u and v can be
obtained from decision variables z; . ;. The L/Q’s with three subscripts (Lg, Lg, Ly/) in
the objective function indicate the influence of the three types of reconfiguration cost on
productivity. A large production period Q can make the value of L/Q small, indicating
that the reconfiguration cost has a weak impact on the overall profit and vice versa. This
formulation can change the emphasis on task-station reassignments, transfer route
modification, or machine/labor adjustment in the objective function by setting different
values of Lg, Lg, L,. The min objective is to identify the product design leading to the

lowest profit, and the maxmin objective aims to maximize the worst-case profit, which
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refers to the scenario when the future product design leading to the lowest profit is
selected (i.e., the worst decision is made). The proposed framework can be implemented
complementarily with the probability-based formulation, depending on the availability of
the probability data.
Constraints: Common constraints that reflect practical considerations and assumptions
are as follows, i.e.,

YsesXtsg = 1VLET,gEG (6)

zh e, =1 <X 69— Xepsg S 1 =28 Vi, t, €Tt #1,,SES,g€CG  (7)

Xt 59 F Xtysg <2 =20, Vi, t, €T, t; #1,,SE€ES,gEG (8)
Wet, SWee,g VLG ET, t) #1,0 €EG (9)
Ysg < Mg Vs€S,9€G (10)

Constraint set (6) follows a convention that one task is assigned to only one station
(that can include multiple identical machines) for one product generation (if applicable).
Constraint sets (7) and (8) are the zoning constraints, according to which some tasks must
be assigned to the same station, whereas certain tasks cannot be assigned to the same
station. Constraint set (9) is the precedence constraint. Constraint set (10) defines the
maximum number of machines in each station.
Remark: A revision of the formulation. If the product designs in a certain evolution plan
are less similar compared with that in other candidate evolution plans, this evolution plan
will dominate the decisions by significantly increasing the reconfiguration cost in the
objective function since the less similar plan can lead to the high reconfiguration effort.

The selected configuration can be too conservative and may negatively affect the
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potential profits if other product evolutions are selected in the future. To deal with such
a drawback, we can remove the productivity in the objective function and only minimize
the reconfiguration cost. Then an additional constraint can be added to impose an upper
bound to the cycle time so that the productivity meets the demand. Such mathematical
reformulation will effectively prevent generating too conservative solutions with high

reconfiguration cost, i.e.,
. Ly LB Ly
min Y ;¢ (ER(xt_s_g, xt,s_o) + ESCu,v + ESSu,v) , (11)

Yter Pxesgfeg < €9 Vsg VSES, gEQ. (12)

3. SOLUTION PROCEDURE FOR ASSEMBLY SYSTEM CONFIGURATION

This paper customizes the EA to the formulated assembly system configuration
problem, which usually involves a large search space for solutions, to obtain good-quality
solutions within reasonable computational time.
3.1 Encoding for representing the assembly system configuration

Solutions to the assembly system design problem can be represented by integer
chromosomes. Every chromosome consists of two parts including task sequence and task-
station assignments. For the task sequence, the value of a gene (i.e., allele) marks a task
labeled by an integer number. The location of a gene (i.e., locus) represents its position
in the sequence. A task-to-station indicator represents the task-station assignment. For
example, Fig. 7 shows six genes in the task sequence part (Left) for six tasks. Arrows can
be inserted into seven positions (shown as black dots) along this gene sequence to
separate tasks and assign the separated tasks to stations. A task-to-station indicator
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specifies the positions where the arrows should be inserted. In this example, the task-to-
station indicator (Right) has four genes, assigning these tasks to three stations (as
indicated by four arrows). If there are empty genes left in the chromosome, zeroes will
be used as their alleles. This chromosome representation can be applied to each product

evolution separately in the EA algorithm.

Tasksequence Task-to-stationindicator
Station 1 Station 2 Station 3
1 3 2 | a4 L 5 6 1 ] 3 T & 1 7
A 1 A 1

Fig. 7.An example chromosome representation for 6-task and 3-station problem

3.2 Initial generation of assembly system configurations

To improve the search efficiency, this paper develops a heuristic method that
generates the initial population for the EA algorithm in three stages. First, a joint-liaison
graph of the product designs (including the current and future designs) is constructed to
generate a joint assembly hierarchy including the information on the subassembly
planning and the task precedence relationships for all product designs. In the second
stage, a heuristic approach is used to assign the assembly tasks to the earliest available
station successively. The term “available station” refers to the station that can still be
assigned with a new task so that the cycle time does not exceed the upper-bound of cycle
time for all product designs at each station. In the third stage, the initial solutions to the
assembly system designs for current and future products are obtained from the result,
generated in the second stage, by following the same task-station assignments and the

task sequences.
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For example, assume that there is one product design of the current generation,
and there are two future evolution scenarios. The current product design involves
assembly tasks 1, 2, 4, and 6. The two future evolution scenarios involve tasks 1, 2,3, 5
and tasks 1, 2, 3, 4, 5, 6, respectively. Given the joint-precedence relationship among
these tasks for all product designs in Fig. 8, one candidate task-station assignment
generated by the earliest-available station method is given in Table 4. Constrained by the
task-station assignments and assembly sequence in Table 4 for all product designs, one

initial solution for the EA algorithm is generated as shown in Table 5.

Fig. 8. Joint-precedence diagram for one product design and two future evolutions

Table 4. One candidate task-station assignment based on Fig. 8

Station 1 Station 2 Station 3

Task 1, 3 Task 2, 4,5 Task 6

Table 5. Example of initial solutions based on Fig. 8

Product design Task sequence Task-to-station indicator
Current 1 2 4 6 0 0 1 2 4 5
Evolution 1 1 3 2 5 0 0 1 3 5 5
Evolution 2 1 3 2 4 5 6 1 3 6 7

3.3 Fitness function and selection operators

The fitness function for the EA is the objective function Eq. (5). It consists of four
parts including the productivity, reconfiguration effort due to task-station
assignment/reassignment, reconfiguration effort due to the change of subassembly
planning, and reconfiguration effort due to the change of material flow.
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There are two types of selection operators, which are generally applied in
canonical EA algorithms including (1) parent selection operator, which allows for
identifying the parent chromosomes from the population that participate in the EA
operations and (2) offspring selection operator, which allows for identifying the offspring
chromosomes that survive in a given EA generation and will become candidate parentsin
the next EA generation. A stochastic universal sampling mechanism [31] will be used by
the parent selection operator that provides higher chances for the chromosomes with
larger fitness values to be selected as parents. As for the offspring selection, this study
relies on a generational offspring selection scheme, according to which all the offspring
chromosomes generated as a result of the EA operations (to be discussed in Section 3.4)
can survive and become the candidate parents in the next generation. The generational
offspring selection scheme has been widely used in Genetic Programming, proposed by
Koza [46], and canonical Genetic Algorithms, developed by Holland [47].

3.4 EA operations

This section illustrates the two operators that are used in this study, i.e., crossover
and mutation.
3.5.1 Crossover

Selection of an appropriate crossover operator depends on the chromosome
representation, which was adopted for encoding the solutions to the problem of interest.
The partially mapped, order, and cycle crossover operators have been generally deployed
for the integer chromosome representation [47]. However, the aforementioned

crossover operators may cause a complex infeasibility, which is associated with the
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violation of the task precedence constraints. Repairing such infeasibility may significantly
increase the computational complexity of the developed EA algorithm. Therefore, a
customized crossover operator was developed in order to prevent generation of
infeasible individuals throughout the evolution of the algorithm. First, the crossover
operator randomly selects two parents from the population. The probability of a given
parent to participate in the crossover operation is determined by the crossover
probability parameter of the EA algorithm. Second, it generates two random cut points
and directly copies the genes, which are outside the two cut points, from the first parent
to its offspring. Third, it copies the genes between the two cut points again from the first
parent, following the sequence of those genes from the second parent. The crossover
operation is illustrated in Fig. 9. Genes outside the cut points for Offspring 1 are directly
copied from Parent 1 (1-4 in the front and 5 at the end). The task numbers between the
cut points are (6-2-3) in Parent 1, and they are rearranged to (6-3-2) in Offspring 1
following their sequences in Parent 2. Thus, the final representation of Offspring 1
becomes (1-4-6-3-2-5). The second offspring chromosome is generated from the two
parents in a similar way, except that the two parents are swapped. It should be noted that
the crossover operator is applied to the task sequence part of the chromosome in this
algorithm, while the task-to-station indicator part remains unchanged. By deploying this
crossover operation, the precedence relationship among all the tasks can be satisfied, i.e.,
no infeasible solution that violates the precedence can be generated. Prevention of the

infeasible solutions is critical since they may negatively affect the performance of the EA
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algorithm and will require the development of a repairing operator to make the solution

feasible, thus increasing the computational complexity.

: Cut Point Cut Point :
1 . I 1
! | Task sequence ' : Task to station indicator
Parentl | 1 4 6 2 3 5 o1 2 5 7
Parent2 | 4 6 5 3 2 1 1 3 6 7
Offspring1 || 1 4 6 3 2 5 | 1 2 5 7
Offspring2 1| 4 6 2 3 5 1 1 3 6 7
T 1

Fig. 9. An illustration of the proposed crossover operator (change the task sequence).

3.5.2 Mutation

Based on preliminary computational experiments, it was found that application of
the mutation operator to the chromosome portion representing the task sequence would
create a significant number of infeasible mutated offspring chromosomes. The
infeasibility of the mutated offspring chromosomes stems from the violation of the task
precedence constraints. In order to prevent generation of infeasible individuals
throughout the evolution of the algorithm, the mutation operator was not applied to the
chromosome portion that represents the task sequence. However, the task sequences
are being altered within the developed EA algorithm by applying the crossover operator,
thereby maintaining the diversity of the population throughout the evolution of the
algorithm. The floating-point mutation operator will be used to change task-station
assignments. The mutation operator is applied in the task-to-station indicator part of the
chromosome, while the task sequence part remains unchanged. When the task-station
assignments are modified, it is necessary to change the arrow-inserting positions (black
dots in Fig. 7) that separate the tasks. The arrow-inserting positions as controlled by the
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task-to-station indicator can be changed randomly, except that the first and the last
arrows do not move. The probability that a given gene of the chromosome undergoes a
mutation operation is determined by the mutation probability parameter of the EA
algorithm. After the mutation operation, the algorithm evaluates the new chromosome
and decides whether new machines should be added to the stations depending on the
fitness value of the mutated offspring chromosome. An example is shown in Fig. 10 for a
chromosome with one row. For a product design with several product evolutions, i.e., the
chromosome with several rows, it is necessary to apply the mutation operator to each

row of the offspring (generated by the crossover operation) separately.

Task sequence Task to station indicator |I
Before mutation 1 4 6 2 3 5 1 2 5 7 |
After mutation 1 4 6 2 3 5 11 3 6 7 b

Fig. 10. Anillustration of the mutation operator (changing the task-station indicator)

4. CASE STUDY

This section presents a case study motivated by real-world scenarios to show how
the preference of productivity vs. reconfigurability affects assembly system configuration
design under uncertain product evolution.

Figure 11 shows a product design and three possible future designs along with the
corresponding joint liaison graph. The design of assembly system configuration should
consider beyond the current product design by incorporating uncertain production
evolutions to improve system reconfigurability. However, the probabilities of future

products are unknown and detailed data to estimate the system reconfiguration cost are
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not given. There are thirteen different assembly tasks and ten components in total. The
processing times (min) of all assembly tasks are presented in Table 6. By considering the
three possible product evolutions, the problem is to determine the appropriate
subassembly planning and task-station assignments that can potentially reduce the future
reconfiguration effort while ensuring the productivity requirements.

Table 6. Task processing times in Case 1

Task 1 2 3 4 5 6 7 8 9 | 10|11 | 12 | 13
Time (min) |0.67]1.13|1.52/0.89|1.37|1.01|1.57{1.39|1.90(0.37|1.33|0.88|1.05

Possible Future Design 1,2, 3

Joint liaison graph
Current Design 0

Fig. 11. Existing product design with three future product evolutions
The precedence relationship is given in Fig. 12. Task 5 cannot be processed until

tasks 1, 2, 3, and 4 are finished. Meanwhile, task 9 can be operated after tasks 1, 2, and 4

are completed. Tasks 12 and 13 must be completed after task 5.

Fig. 12. Joint precedence diagram
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Not all the tasks must have precedence relationships. In this example, tasks 6, 7,
and 8 are to attach the part to component E. There are no constraints on the precedence
among these tasks. They can either be operated before or after task 5. The same condition
applies to the assembly tasks 10 and 11. With such weak constraints in precedence
relationship, the search space for the system design problem can be huge when the
number of assembly tasks increases. By employing an algorithm to enumerate all
assembly hierarchies in [2], there are 1,791,648 assembly hierarchies generated for the
joint-liaison in Fig. 13 based on the precedence relationship in Fig. 14. The potential
search space for all the decisions is even larger. The advantage of using the EA is to obtain
feasible solutions of good quality within reasonable computational time.

The objective function considers four aspects including productivity, task
recurrence, material flow similarity, and sub-assembly similarity to characterize the
reconfiguration effort. Manufacturers may have a different preference considering
productivity vs. system reconfigurability. This case study discusses the assembly system
configuration design under three scenarios that place different preference on these
aspects in the objective function. Scenario 1 considers the long-period (Q) of production
so that the impact of reconfiguration cost is less significant. Scenario 2 places more
emphasis on the reduction of task-station reassignments that cause high reconfiguration
effort, and scenario 3 considers the short-term production given the labor time for task-
station reassignment, material transfer route modification, and machine/labor
adjustment of the reconfiguration. Table 7 summarizes the values of L/Q for the three

scenarios.
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Table 7. Impact of reconfiguration on productivity L/Q for three scenarios

recloﬂzzcijtr;tfion Scenario 1 Scenario 2 Scenario 3
L,/Q 0.01 100 0.2
LB/Q 0.01 1 0.6
L,/Q 0.01 1 0.5

The following values were set for the EA parameters after running a parameter
tuning analysis based on the methodology described in [48]. The population size is 20, the
crossover rate is 90%, and the mutation rate is 20%. The algorithm will be terminated
after 500 generations. Since the developed EA is stochastic, multiple replications are
required to estimate the average objective and computational time values. In this study,
a total of 100 of EA replications are performed for each scenario.

Scenario 1:

In this scenario, the productivity is far more significant than reconfigurability
because (1) the impact of the reconfiguration due to task-station reassignments or the
change of subassembly planning on the productivity or decision is relatively low and (2)
the manufacturer requires short cycle time and high productivity for long-term
production. The outcome from EA is given in Fig. 13. Three different future
reconfiguration plans are provided. The average of the cycle times determined by the
bottleneck stations that are corresponding to the three reconfiguration plans is 2.6 min,
indicating the potential throughput. The results show that the task-station assignments
frequently change, indicating high reconfiguration cost, while the assembly system has

relatively lower cycle time and higher productivity.
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Fig. 13. Assembly system reconfiguration design under scenario 1
Scenario 2:

The reconfiguration cost due to task-station reassignments becomes very
significant for the assembly system under this scenario, which is similar to Ko et al. [40].
When the consideration of task recurrence dominates the objective, the results suggested

by the developed EA algorithm are given in Fig. 14.

Station4
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Current Design0 Future Design1 Future Design2 Future Design 3

Fig. 14. Assembly system reconfiguration planning for scenario 2

Similar to [40], the results show that all the common tasks of different product
designs remain in the same station to avoid the reconfiguration cost. However, there are
two fundamental differences from [40] under scenario 2 including

e The evolution probability of different product designs was assumed in [40]

whereas the proposed method does not require this information. The solution
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considering the worst-case scenario in this paper can be more conservative
than [40]; however, it provides a design guideline for assembly system
configuration when the probability data are lacking. When more information is
available to characterize the uncertainty, the probability-based method can be
implemented to reach an aggressive decision with controlled risks for high
reconfiguration cost.

e The reconfiguration planning in [40] was given without detailed hierarchical
relationships of the assembly tasks in the stations. For example, in station 2,
there can be multiple assembly sequences/hierarchies among tasks 1, 9, and
11 given future design 2, leading to different subassembly planning. As shown
in Fig. 14, the proposed algorithm can determine the assembly hierarchies
among these tasks which supply detailed information on how to arrange these
tasks on each station to maximize the subassembly similarity, in addition to the
task-station assignments. The task-station assignments can be influenced by
the subassembly planning, and therefore the results obtained from the
proposed concurrent optimization can be different from the traditional line
balancing methods.

In this scenario, each task is assigned to the same station for all current and future
product designs, thus reducing the reconfiguration effort. However, the decisions
dominated by the reconfigurability consideration may lower the productivity. The result
in Fig. 14 shows that the average of the cycle times determined by the bottleneck stations

is 3.8 min, which means the productivity is 46% lower than Scenario 1.
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Scenario 3:

Under this scenario, no one single factor dominates the objective. The results are
shown in Fig. 15, where the average of the cycle times determined by the bottleneck
stations is 2.87 min. While the assignments of most tasks to stations do not change for all
the product designs, station assignment for tasks 1 and 3 are changed. Although this
reassignment somehow increases the reconfiguration cost associated with task
recurrence, the overall reconfiguration effort is reduced in this case since all the tasks for
different product designs have the same subassembly planning, potentially reducing the
machine adjustments and labor training. In addition, the expectation of cycle time (2.87
min) of the proposed assembly system reconfiguration planning becomes much shorter

than that under scenario 2 (3.8 min).

Station 4 @
®

D © GO 00
RO @ D@

Current Design0 Future Design 1 Future Design2 Future Design 3

5*%@ )i

Fig. 15. Assembly system reconfiguration planning for scenario 3

Figure 16 shows the convergence of fitness function vs. EA solution generations
under the three scenarios. The convergence patterns demonstrate that that developed
EA algorithm was able to move efficiently along the search space and identify the
promising domains (containing the solutions that have the fitness values close to the

fineness values of the best solution discovered at convergence) within =100 generations.
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Fig. 16. Convergence pattern for 3 scenarios.

5. CONCLUSIONS

Design of the assembly system configuration jointly determines assembly process
planning, task-machine assignments, and the logical material flow among stations. It is a
critical step in the early stage of assembly system design when launching new product
lines. The assembly system configuration should be flexible to cope with fast product
development due to dynamic market demands. As such, the system configuration design
should consider the generational evolution of future product designs to reduce potential
reconfiguration effort. A product line usually has multiple evolution paths with
uncertainty, posing a significant challenge to assembly system configuration design,
especially when the probability values of evolutionary scenarios are not available.

This paper proposes a method for optimizing the assembly system configuration
considering the product evolution with uncertainty. The highlights of this paper can be
summarized as follows, i.e.,

e A new similarity model for estimating reconfiguration effort. Different from

prior reconfiguration cost modeling, the proposed similarity model considers

the impact of material flow and subassembly planning on potential
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reconfiguration effort. The method does not require detailed data on
reconfiguration cost for labor training and equipment re-setup and therefore
is very suitable for the early stage of product development.

e Concurrent decision-making for subassembly planning and task-station

assignments. Based on the similarity model, a mixed integer programming
model is developed for the concurrent optimization of the subassembly
planning (subassembly modules and logic material flows) and task-station
assignments for both current and future products by considering the
reconfiguration effort due to uncertain product evolution. Compared with the
prior research on assembly system reconfiguration, the concurrent decision-
making further incorporates the impacts of subassembly planning on assembly
system configurations into the estimation of reconfiguration effort.

e Considering production evolution uncertainty without probability data. The

worst case analysis is adopted to deal with the situation that the probability of
the evolution path cannot be provided. The model includes effective
mathematical representations to characterize complex system configurations
and subassembly hierarchies. The method can be implemented
complementarily with the traditional probability-based approach, depending
on the availability of probability data.

e Computation-feasible algorithm customized for concurrent design problems.

This paper also develops an Evolutionary Algorithm with chromosome

representations and operators customized for the joint optimization of
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subassembly planning and task-station assignments in the assembly system
configuration design problem. To improve solution search efficiency, the
paper further develops a liaison graph model to guide the generation of the
initial solutions. This research can also provide guidance on future product
designs to lower the reconfiguration cost of assembly systems.
A case study on three scenarios shows that the assembly system configurations
for the current and future product designs are significantly affected by the requirements

of productivity vs. reconfigurability.
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