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Design of Assembly Systems for Modular Products

David W. He and Andrew Kusiakvember, IEEE

Abstract—To respond to the challenge of agile manufacturing,
companies are striving to provide a large variety of products at a
low cost. Product modularity allows to produce different products
by combining standard components. One of the characteristics of
modular products is that they share the same assembly operations
for a part of their structure. The special structure of modular
products provides challenges and opportunities for the design of

assembly systems. Given a family of modular products, designing
low cost assembly systems is an important problem. In this paper, Fig. 1. Product variants accomplished with modular design.

an approach for the design of assembly systems for modular

products is proposed. The assembly system is decomposed into

two subsystems based on the structure of modular products. The economically create a variety of products. The special structure

configuration problem of the assembly system is formulated and of modular products provides challenges and opportunities for

solved by a tabu search based algorithm. design of assembly systems. Manufacturing systems have to
Index Terms—Agile assembly, engineering design, manufactur- be designed for configuration at minimum cost and physical
ing, modular products. movement of manufacturing equipment, i.e., to avoid frequent

rearrangement of machine tools (which is expensive, espe-
cially, in metal cutting and mechanical assembly processes).
) ~ Also, the configured system when brought back to its orig-
T O RESPOND to the challenge of agile manufacturingaa| configuration should assure repeatability of production,
companies are striving to meet the changing markgg., manufacture products and components that meet all the
requirements at a low cost. The ability to produce a variegpecifications regarding quality, standards, and so on [4]. One
of products through the combination of modular componengs the characteristics of modular products is that they share
is a meaningful benefit of product modularity. Referencge same assembly structure for some assembly operations.
[1] described five different ways that modular products agn assembly system has to be designed to fit the special
developed in industry. Component-swapping modularity Camaracteristic of modular products. Given a family of modular
be achieved when two or more alternative types of componeRigducts, designing an assembly system at a low cost is an
are paired with the same basic product body to create differg@iportant problem. In this paper, an approach for design
product variants. Examples of this type of modularity can kg assembly systems for modular products is proposed. The
found in .autor.notive industry where different audio cassetfgsembly system is decomposed into two subsystems based on
decks, windshield glass types, and wheel types for the sagie structure of modular products. The configuration problem
automobile model are produced. In the computer industrys the assembly system is formulated and solved by a tabu
different hard disk types, monitor types, and keyboards atgarch based algorithm.
matched with the same basic CPU. Component-swapping modThe reminder of the paper is organized as follows. The
ularity is often associated with the creation of product variefpnfiguration problem for modular products is defined in
as perceived by the customer [1]. Examples of combinatorigection II. In Section IIl, a heuristic algorithm for solving
assembly of product variants are also provided in [2]. lfhe configuration problem is developed. A numerical example
addition to the benefits of product variety, modular designs provided to illustrate the heuristic algorithm. The com-

allow to change the product appearance and functions.  pytational experience is discussed in Section IV. Section V
An example of product variants generated througtbncludes the paper.

component-swapping is provided in Fig 1.
The multifunctional office desk lamp in Fig. 1 is assembled I
on a base. Different product variants are produced by changing
the fixture.
As pointed out by [3], both the flexibility of manufacturing

systems and the product architecture contribute to the ability toln this paper, a product structure is represented by an acyclic
digraph. Nodes represent operations and arcs correspond to
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P2: Fig. 4. The assembly line for modular products.

Fig. 2. Two modular products with different variant operations and variam""lanmng _mU|_t|pr0dth_ assemb'Y ?’yStems ar_]d the |mpqrtance
structures. of scheduling in achieving the efficiency required. Thus, in the

design of an assembly system, the scheduling issue becomes

crucial as multiple products are produced. An assembly system
@ @ @ @ has to be reconfigured efficiently over time to accommodate
(1) @A@ () () (¢)  changes in the product mix and designs. Reference [2] pointed

@ out that there is a need to link design of products to an
assembly system in order to rearrange the system in response

Fig. 3. The superimposed assembly graphRdr and P2 in Fig. 2. to new technologies or redesign of the products. Assembly

systems should be designed to fit the structure of modular

ducts.
n this paper, the assembly system for modular products
es the form of an assembly line. To fit the special structures

positioning the component on the base, etc. It is assumed tR
the assembly structure of a modular product includes a basi
structure and a variant structure. Each product in a prod T !
family shares the same basic structure and differs from oth& Smodular products, the assembly line is decomposed into

in the variant structure. The operations in the basic struct Y parts: a subassembly line for basic operations and a sub-

are referred in this paper as basic operations and the operat@ﬁ%embly line for variant operations. The basic subassembly

in the variant structure are referred to as variant operations. J& IS de5|gneq asa paceo! single product as:_;emply Img with
example of a modular product structure is provided in Fig. 3 ixed cycle tme. The variant subassembly line is de3|gqed
Note that the product variants in Fig. 2 share differer®> & flowshop line and balanced by a flowshop_schedullng
variant operations and structures. method. Reference [12]'showed that an assembly line balanced
Let the assembly structure of produgt be represented by by a flowshop scheduling approach perf_orm_s better than an
graph G; with the set); of nodes and the set; of arcs. gsse_mbly line ba_lanced by a fixed cycle time in terms of total
The assembly structures of products can be combined into'dle time for multiple products. To absorb the unbalanced flow

. : f products, a work-in-process (WIP) buffer between the two
a superimposed assembly gra@hwith V nodes and4 arcs ot p . In-p .
wh(laJrZ 'mp ya ! subassembly lines is used. An example of the assembly line

for modular products is shown in Fig. 4.
N=NUNU - --UNy
A=A UAU - Udy. C. The Configuration Problem
Anarc(f, g) in G is redundant if in addition to the arc itself
there exists a chain from nodeto nodeg. The redundant arcs b
are omitted. The superimposed assembly graph for produ
P1 and P2 in Fig. 2 is provided in Fig. 3.

In the assembly line for modular products (see Fig. 4), the
asic subassembly line can be considered as the core assembly
. Normally, the basic assembly structure forms a major part

Note that " d bl h of d f the assembly structure shared among modular products.
ote that any superimposed assembly graph ob MOAUe pasic assembly structure of modular products remains

products includes a basic structure and a variant structure. -Fgﬁatively stable. The changes in the product structure are

basic structure in a superimposed assembly graph is the s En accomplished by changing the variant assembly struc-
as the basic structure of any modular product. However, t

; q : i< th ) . ‘ e to create product variants to meet the diverse customer
superimpose variant structure is the superimposition o quirements. Therefore, the configuration of an assembly line
variant structures of the modular products.

for modular products can be accomplished by redesigning the
variant subassembly line. Consider the example in Fig. 5.

The assembly line AL in Fig. 5 is designed for modular

One of the most important operational design issues in tpeoducts P1 and P2. It consists of basic subassembly line
design of an assembly system is the assignment of assenib#nd variant subassembly line Il. Suppose that prodiitits
operations to the stations. Various performance measures amd P2 are redesigned as produd®d’ and P2’ and assembly
used, e.g., the cycle time or the number of stations is midine AL, is reconfigured for these changes in product designs.
mized to maximize the line balancing efficiency [5]. Througl$ince the basic assembly structure of the modular products
the assignment of assembly operations to the stations, teenains unchanged, the structure of basic subassembly line |
line balancing and scheduling are accomplished [6]-[10]. hemains the same. Instead of redesigning the entire assembly
order to meet the demand for a variety of products witholihe, only the variant subassembly line Il is redesigned as Il
holding an excessive level of inventory, multiproduct assemblhe assembly line configured for new produéts’ and P2’
systems are used. Reference [11] discussed the difficultyisnAL1’ (see Fig. 5).

B. Design of Assembly Systems for Modular Products
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. . . . (b)
It is assumed that the number of stations in a variant sub- o o )
6. The idle time and waiting time for the three products in a flowshop

assembly line is constrained which is a reasonable assumplgmdule. (a) Idle time. (b) Waiting time.
in practice. It is also assumed that this number is greater than
1. When the number of stations in a variant subassembly line

is 1, the configuration is trivial and is not considered in this I;j,(lp) idle time of stationm after it finishes

paper. processingi — 1st product and before
It is expected that an assembly line is balanced. Since it starts to procesgth product if 5(p)

buffers are used in the assembly line to absorb the unbalanced follows a flowshop schedule;

flow of products, the line balance is reflected by the idle time Wif,@ waiting time ofsth product inS(p) in

of the stations and the waiting time of products in the buffer. the buffer of statiorn;

Therefore, the balancing cost of the line can be measuredV>® the total waiting time required to

by the total inventory holding cost and the station idle time process products is(p);

cost. 150 the total idle time required to process
Formally, the configuration problem is defined as fol- products inS(p);

lows. Let P be the set of feasible partitions of op- « unit inventory holding cost;

erations amongM stations. A feasible partiionp = unit idle time cost.

{p(S1), -+, p(Sm), -+, p(Sm)}, wherep € P, andp(S)  Note that/>® and I°® do not include the transportation

is the set of operations assigned to statfy. A partition time between two stations. Since the transportation time be-
is feasible if each station contains at least one operatibieen two stations does not impact the balancing efficiency of
and the precedence relations among operations specifigdassembly line, it can be either ignored or included in the
in the superimposed assembly graph are not violatgstocessing time of a product.

Let S(p) be the product sequence obtained fpr Let For any given partitiorp and product sequenc&(p), the
BC[S(p)] be the balancing cost corresponding to produtialancing cost of an assembly line for modular products is
sequenceS(p). The objective of the design procedure i€omputed as follows:

to find partitionp* = {p*(S1), =+, p*(Sm) *+, p*(Sar)}

so that BJS(p*)] obtains minimum, i.e., BES(p*)] = BC[S(p)] = al5®) + pWw 5@, 1)

min {BC[S(p)]| for all p € P}. .
In{ord([er (to)]ljetermine the}balancing cost for an assembl Assume that the flowshop line is not paced. T_O absorb the
line for modular products, the following notation is defined: uhbalanced flow of products, buffers between stations are used.

Instead of remaining on each station in a fixed time interval

N number of proc_iucts; . (usually a cycle time), a product leaves the station to the
M, number of stations in the variant sub,cceeding buffer once its operations are completed at this
assembly line; _ station. The product waits in the buffer until the succeeding
M total number of stations; station is available. On the other hand, once a station completes
Q quantity of product; a product it retrieves another product from the buffer. If the
Q=3 @ total quantity of products; preceding buffer is empty, the station will be idle. It can be
Sg) =(1.2,---,Q) sequence of products in partitign observed that, in a flowshop assembly line, some products
To®) processing time ofth product inS(p) may have to wait in the buffer before they are processed on
at stationm, « = 1, ---, Q, m = 1, the next station and some stations may be idle if no products
-, M are available in the preceding buffers. For a modular product
Dfn(f’) idle time of stationm between the assembly line, the idle time of stations and the waiting time

¢ — 1st product and theth product of the products can be computed directly from a flowshop
if S(p) follows a no-delay flowshop schedule. For example, consider a three-station flowshop line
schedule; where three product®l, P2, and P3 are produced.
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Fig. 6(a) and (b) shows the idle time and waiting time in a Note that the configuration problem is a combination of
flowshop schedule of the three-station flowshop assembly lineo dependent problems. The first problem is to assign variant
Note thatl/,, and 3, represent the idle time associated wittoperations tod,, stations, i.e., to find a feasible partition
productsP2 and P3 on stationS2 in the flowshop schedule, The second problem is to schedeproducts in the assembly
respectively. The idle time in a flowshop schedule represetitee, i.e., to find aS(p) with a minimum value of BQS(p)]
the time that a station remains idle after it completes ther all p € P. The flowshop scheduling problem is an NP-
operations of a previous product and before it starts to perfoimard problem [14]. Since the configuration problem involves
the operations of a current product. For exampjerepresents both partitioning and scheduling at the same time, it is NP-
the time that station52 remains idle after it completes thehard. In order to solve the configuration problem in real time,
operations of producP1 and before it starts to perform theefficient heuristic approaches need to be developed. Next, a
operations of producP?2. Fig. 6(b) shows the correspondingheuristic algorithm for solving the configuration problem is
waiting time in the flowshop scheduld/,; andW3, represent developed.
the waiting time of product$’2 and P3 on stationsS2 in the
flowshop schedule. The waiting time in a flowshop schedule
represents the time that a product remains in a buffer between ||| D evELOPMENT OF A HEURISTIC ALGORITHM
the current station and a next station after its operations are ) ) - . .
completed and before it is moved to the next station. For!" this section, the heuristic algorithm for solving the
example Wy, is the time that producP2 remains in the buffer configuration problem is developed based on the tabu search
between stations2 and S3 after its operations are completed?PProach. _ o
on S2 and before it is moved to statio3. Note that the  12Pu search is a powerful optimization procedure that has
times I, and I,; associated with the first produétl are not been successfully applied for solving various combinatorial

considered as idle times. Therefore. the valuel 8% and optimization problems, including the traveling salesman prob-
WS® is computed as follows: ' lem [15], graph coloring problem [16], and scheduling problem
' [17]. Some recent applications of tabu search for solving NP-

Q M hard problems include [18]-[20]. The tabu search approach is
S I (2) simple to implement and easy to incorporate problem-specific
i=2 m=2 constraints. It may also act as a control mechanism to monitor
Q@ M-1 and direct the progress of other optimization routines.
USRED DY Wi, (3)  In general terms, tabu search is an iterative improvement
i=2 m=1 procedure that begins with an initial feasible solution (i.e.,

S _ a feasible assignment) and attempts to determine a better
The value of ;™ in (2) is computed from a no-delay so|ytion. Tabu search differs from the traditional iterative

schedule as follows [13]: optimization algorithms in that it has the ability to escape
i i local optima by using a short-term memory of recent solutions

IZW) = max {0, Z e +Z 2@ (tabu lis). Moreover, tabu search permits backtracking to
pui = previous solutions, which may ultimately lead, via a different

i1 i1 direction, to better solutionsagpiratior). The features of a
—Z T3P _ Z Ifé{’)} tabu list and aspiration make tabu search a powerful opti-
s=1 s=1 mization tool for solving the scheduling problem. A more

detailed description of the tabu search method is presented
in [21].
S m—1 s The flowchart of the heuristic algorithm is shown in Ap-
Y= Z o, form=2,---, M, pendix A. The basic structure of the tabu search follows
s=1 that of [22]. The algorithm starts with an initial feasible
_rfl(m =0, fori=1,2,---,0Q. (4) solution generated by a sequential assignment procedure. A
feasible solution implies a feasible partition of operations.
The value om/iigp) in (3) can be computed as follows: Then the heuristic algorithm searches for the best partition in
its neighborhood. The partitionnb associated with the min-
Wif,@ = max {Cis_({’)m - Cf(,ﬁ)_l, 0} imum balancing cost in each neighborhood, BG_nb)], is
’ ’ accepted (provided that it is not in the tabu list). The aspiration
where value is set to be the current minimum cost value, i.e., a tabu
m i i partition can be released from its tabu status if its cost value is
cr®) = Z @ 4 Z 75w 4 Z 5@ less than the current minimum cost value. The transition from
" —1 =2 — one partition to another partition is defined as a move. At each
fori=2,...,Q, m=1,---,M. (5 move of the search, the current overall minimum soluttn
is recorded, along with is cost value B&p*)]. The stopping
Considering the basic subassembly line as a single statigiiterion is a fixed number of iterations. If after the specified
and equating its cycle time to the station processing time, thember of iterations the problem solution is not improved, the
assembly line for modular products forms a flowshop lingeuristic algorithm stops and the best solutjgnand its cost
Therefore M = M, +1 andfi(f’) =g foralli=1,.--, N. BC[S(p*)] are reported.

T

where
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Compute the aggregated processing tiifjefor each op-
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Compute the average processing tiffig. at each station:

(@
p]:‘_l H@ H ‘.» (Move 02 from S1 to S2)
> - > The sequential assignment procedure and an illustrative
pz;__,@ @'—» @ @ = (Exchange 02 and 03) example are presented in Appendix B.
S1

s2 3 Having all variant assembly operations assigned to the
o stations, the assembly line needs to be balanced. Each time the
pSZ_'!@H@ |" (Move o4 from 83 (¢ 82) partition of operations is determined, a scheduling procedure
St 52 53 is called to find a sequence of products. Once the product

<~

1

M,
v =1

Tave = T] .

(b) sequence is obtained, the balancing cost is computed from (1)
Fig. 7. The example of a neighborhood. to (5). Next, the development of the scheduling procedure is
discussed.

A. The Neighborhood

Although tabu search is a general approach which can @e The Scheduling Procedure
applied to different types of combinatorial problems, its suc- There are two reasons for using a heuristic to schedule

cessful application depends on the definition of neighborhozfgje flowshop assembly line. First, the flowshop scheduling

which is problem specific. In this paper, the neighborho . A .
) o . . oblem is NP-hard. Second, finding an optimal schedule may
N(p) of a feasible partitiorp is defined as the set of possibl not lead to the overall optimum.

partitions generated fromby performing one of the following ., she search for a suitable heuristic, effective heuristics
two steps: . . ~__minimizing the mean flowtime of the flowshop problem are
1) move an operation from a station to one of its neighb@f 4 particular interest. The criterion of minimizing the total
stations; _ . _ flowtime has been found to be a practical objective since
2) exchange operations between two consecutive stations equalizes the utilization of resources and reduces the in-
Fig. 7 shows the example of a neighborhood. The supgrocess inventory [23], [24].
imposed assembly graph and the associated feasible partitiomwo scheduling rules are used in the proposed scheduling
p are shown in Fig. 7(a). Fig. 7(b) shows the three possibi@ocedure. The optimal sequence for minimizing the total

feasible partitions obtained from. _ flowtime of a single machine is obtained by the shortest
In Fig. 7, the neighborhood/(p) of pis {p1, p2, p3}. Note processing time (SPT) rule [23]. By extending this principle
that any partition in a neighborhood must be feasible. to flowshop scheduling, it is natural to order the products in

B. The Initial Solution a ngndecreasing order of their total proce.ssin'g time awder
' stations. Hence, the shortest total processing time (STPT) rule
The initial solution plays an important role in determinings used as the first scheduling heuristic.
the quality of the solution generated by tabu search. To findThe second scheduling heuristic is based on the work of
a good initial solution, a sequential assignment procedure[#]. Rajendran argued that the STPT rule may not always be
developed. effective in minimizing the total flowtime. Instead, a product
The sequential assignment procedure aims at maximizig@quence is generated by ordering products in a nondecreasing
the equality of average processing time among all stations.order of a surrogate processing time, referred to as the adjusted

Define: processing time. The adjusted processing tifheor product
Q. set of variant operations; ¢ can be computed as follows [25]:
J =1Q.| total number of variant operations; "
D set of unassigned operations without any preced- )
ing operations; i = Z (M =5+ 1)tis. ()
G set of operations assigned; =t
|4 set of operations unassigned, Hence, the shortest adjusted processing time (SAPT) rule is
Gn set of operations assigned to statibon used as the second scheduling heuristic.
t processing time of operation To determine which scheduling rule is more effective in
tj, if operation; is required by terms of minimizing the balancing cost, variants of the heuris-
tij tij = { products tic algorithm with different scheduling rules was tested.
0  otherwise; Next, an example is provided to illustrate the solution
and approach for configuration of the assembly line for modular

T(Gr) = Y jeq, T; processing time at statiof. products.
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algorithm stops if the solution is not improved in one iteration.
Seta = 3 = 1. Let the size of Tahiist be 3. Consider an
arbitrary initial solutionp0 = {(01, 02), (03, 04), (05)} with
BC[S(p0)] = 120. Initially, the following conditions are set:

Tabulist = {(, 0, 0};

p* = p0, BC[S(p")] = BC[S(p0)].

Iteration 1

Placep0 in Tabulist: TabuList = {p0, 0, 0}.
The neighborhoodv(p0) of p0 is obtained
as follows:

;i e b

iz e | 77771 3 = {(01, ), (63), (0%, 05)}. BC[S(p3)] = 110;

Product | Product 2 Product 3 Product 4 p4 = {(01, 02, 03), (04), (05)}, BC[S(p4)] = 114.
Sincep?2 is not in TabuList and BC[S(p2)] =

Fig. 9. The designs of modular products.

min {BC[S(p)]: peN(p0)}, the move
from p0 to p2 is accepted.

“ | structure w
e Iterations 2
P4 | rctore Placep2 in TabulList: Tabulist = {p2, p0, 0}.

The neighborhoodv(p2) of p2 is obtained
as follows:

p5 = {(01), (02, 03), (04, 05)}, BC

© [S(p5)] = 56;
@*@ © p6 = {(oL, 02), (03, o4), (05} BC[S(p6)] = 120;
@ pr= {(017 03)7 (027 04)7 (OO)} BC [S(p?)] = 123;
Sincep5 is not in TabuList and BC[S(p5)]
Fig. 10. Assembly operations of modular products. (top) Assembly structure  min {BC[S(p)]: pe N(p2)}, the move

of products. (bottom) The superimposed variant assembly graph. from p2 10 p5 is accepted.
Since BCS(p5)] < BC[S(p*)], setp* = p5 and
¥ hen BC[S(p")] = BC[S(p5)] = 56

LiST oF VARIANT ASSEMBLY OPERATIONS

Operation No.  {Description of variant asscmbly operations .
1 Position and secure part 6 Iteratlons 3
7 osition nd secure part 7 Placep5 in Tabulist: Tabulist = {p5, p2, p0}.
3 Position and scourc part § The neighborhoodV(p5) of p5 is obtained
4 Position and secure part 9 as follows:
5

Position and secure part 10 p8 — {(01)7 (02)7 (037 047 05 )}7 BC [S

p9 = {(ol), (02, 03, 04), (05)}, BC|

Example 1: The assembly line to be reconfigured is shown pl0 = {(01), (03), (02 o4, 05)}, BC
)}, BC

[S (plO)] 113;
in Fig. 8. The designs of modular products are shown in Fig. 9. pl1 = {(01, 02), (03), (04, 05)}, BC[S(p11)] = 110;
The structure of modular products in Fig. 9 is similar pl2 = {(ol, 03), (02), (04, 05)}, BC[S(p12)] = 53.
to the stack product structure discussed in [26]. The four Sincepl2 is not in TabulList and BC[S(p12)] =

modular products share the same subassembly that containsnin {BC [S(p)]: pe N(p5)}, the move
components 1-5. Therefore, the assembly operations requiredfrom p5 to p12 is accepted.

to assemble the basic subassembly are the basic operationsSince BQS(p12)] < BC[S(p*)], setp* = pl12 and
Since the basic subassembly component of each product is notBC [S(p*)] = BC[S(p12)] = 53.

subject to changes in the product design, the basic operations

are performed in the basic subassembly line. The assembly Iterations 4

operations of the modular products are shown in Fig. 10. For Releasep0 from and placep12 in TabuList:

the sake of simplicity, the structure of the basic operations is Tabu.list = {p12, p3, p2}.

not shown. The neighborhood 0§12 is obtained

The list of variant operations is shown in Table I. as follows:

Assume that the cycle time of the basic subassembly line is p13 = {(01), (03, 02), (04, 05)}, BC[S(p13)] = 56;
¢, = 4. The processing time;;, production quantity for each  pl4 = {(o1, 02), (03), (04, 05)}, BC[S(pl4)] = 110;
product Q;, and the aggregated processing tiffie of each p15 = {(01, 03), (02, 04), (05)}, BC[S(p5)] = 123.
variant operation are provided in Appendix B. Note thatpl3 = p5. Although p13 has the smallest

For the convenience of presentation, only the STPT sched- balancing cost, the move a3 is rejected as
uling rule is used in this example. Assume that the heuristic p13 is in Tabulist and its balancing cost
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BC[S(p13)] < BC[S(p*)]. The move from 600
pl2 to p14 with the balancing cost of
110 is accepted.

500 +

As in Iteration 4, the solution is not improved, the heuristic ]
algorithm stops withp12 being the best solution found. The 400 4 1
product sequence obtained by the STPT rulgis(3), P2(2),
PA(1), P3(4)} with the balancing cost of 53. For the small
problem in Example 1, the solution space contains 9 possibles 390 1
assignments. The heuristic algorithm has evaluated 15 assigrg
ments. The disadvantage of using the heuristic algorithm is 200 -
obvious for this small problem. However, as the problem size
increases, the size of the solution space grows exponentially
and the use of the heuristic is beneficial.

If the SAPT rule is used for partitiop12, the balancing
cost is 49, i.e., lower than for the solution obtained by the 0 — — 1 T
STPT rule. °

Next, the heuristic algorithm with different scheduling rules
are tested and evaluated for large size problems.

Random initial solution

ing cost

(o}

SAP initial solution

100 A

~~~~~~

Number of iterations

Fig. 11. The tabu search convergence curve for the random and SAP initial
V. COMPUTATIONAL EXPERIENCE solutions.

To select the most effective heuristic, two variants of the
heuristic algorithm were tested. The heuristic algorithm was e G TABLE I &
coded in C and executed on an HP-UX Apollo workstation. HE ONMPUTATIONAL RESULTS

During the Computational experiment the size of the -[Bm Problem data sct Average BC Relative Difference CPU time
. ' o BC
\t/_vas set f[%?. Theburtwrl]t |n\;etntolry holding castand unit idle ST TSP BT SAPT |~ T SATIO0% — - STPE T ST
ime cost were both set to 1.
. . (20, 5, 20) 76.8 71.8 T.2% 3.1 5.8
The test data generated are characterized by the following fie — — i - 5
parameters: (50.8.30) 1026 9.8 0% 62 33
N number of products, [20, 200]; (60, 10, 30) 7.4 T11.0 58% 76 153
Qi production quantity of each product = 1, (80. 15, 40) 132.3 125.3 >-6% o4 184
. N U[40 100] {100, 15, 50) 150.5 142.9 5.3% 12.5 25.7
re b ', . . 150, 15, 60) 1754 166.0 1% T4.2 78.6
M, [numb(]ar of stations in the variant subassembly line—m—=-4 T T T % 5
5, 15];
J total number of variant operations, [10, 50];
t; processing time of variant operatigh/[4,10]; Eight data sets were considered with 20 problems being
Cp cycle time of the basic subassembly line. solved for each data set. For each problem, two variants

The variant structure of each product is assumed. TRE the heuristic algorithm with different scheduling rules
number of products was in the range [20, 200]. The productigfere executed. The computational results are shown in
quantity of each product was generated from the uniforAgble 11.
distribution /[40, 100]. The number of stations in the variant From the computational results in Table Il, one can see
subassembly line was in the range [5, 15]. The variant structdf@t the SAPT rule generates better quality solutions than the
of a product is characterized by the operations it requires afdPT rule. However, with the increase of problem size, the
the precedence relations among them. For each product, @féerence between the value of the objective functions of the
variant structure was randomly generated. The total numbersgiutions produced by the two scheduling rules decreases. This
variant operationd is was the range [10, 50]. The processinéesult is interesting as the STPT rule offers more flexibility
time of each variant operation was generated from the unifot#gn the SAPT rule. Unlike a SAPT sequence, the STPT
distribution U[4, 10]. sequence does not depend on the configuration of the line

To balance the flow of products between the basic subassdtit the structure of the products. Therefore, using the STPT
bly line and variant subassembly, the cycle time of the badidle in the heuristic algorithm reduces the computing time.

subassembly line; is set as follows: As a STPT sequence does not depend on the structure of the
assembly line, it allows for more flexibility in reconfiguring
¢ = Tave the assembly system.
1 < To evaluate the performance of the heuristic algorithm
- M, Z Qitij- @) developed in this paper, the solutions generated by the heuristic
j=1

algorithm with the STPT rule were compared with the solu-

The use of an initial partition generated by the sequentitibns generated by the mixed model line balancing method
assignment procedure speeds up the search process. Figdévkeloped by [7]. Although Thompoulos’ method was not
shows the convergence curve for initial partitions generatédveloped for modular assembly lines, it is general in nature
by the random and the sequential assignment procedure. and applicable to most mixed model line balancing problems.
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Start with an initial solution )
p0, BC[S(p0)]
p* =p0
BC[S(p*)] = BC[S(p0)]

Tteration = Iteration + ||

1. Remove the oldest solution from Tabu_List

2. Add p to Tabu_List A P*=p
3. BC[S(p)] = arbitrary large number BC[S(p*)] = BC[S(p)]

Y

For each neithbour p_nb of p do:

Yes —BCIS(p_nb)]
<BC[S(p*)]
?

( Report p* and BC[S(p*)] )

BC[S(p_nb)]
<BCIS(M12

Yes
p=p_nb
BC[S(p)] = BC[S(p_nb)]
Next neighbour-etl——

Fig. 12. Flowchart of the heuristic algorithm.

TABLE IV

TABLE I
COMPARISON OF THE COMPUTATION TIME

COMPARISON OF THE SOLUTION QUALITY

Problem data set | Relative Difference | Problem Data Set | Relative Difference Problem data set | Relative Difference | Problem Data Set | Relative Difference
(NM, ) (1- I/1P)100% (N, M.. 1) (1- 11P)100% (N, M., 1) (1- 7P 100% N, M. 1) Q-1 100%
(20,5, 20) 5.6 (80, 15, 40) 10.8 20, 5.20) 12.6 (80, 15, 40) 172
(40, 5,30) 6.8 (100, 15, 50) 1.2 (40, 5,30 135 (100, 15, 50) 17.8
(50, 8, 30) 74 (150, 15, 60) 12.6 (50, 8, 30) 15.1 (150, 15, 60) 18.3
(60, 10, 30) 8.7 (200, 20, 60) 153 (60, 10, 30) 16.8 (200, 20, 60) 188

a: I represcnts the balancing cost of the solution generated by the heuristic algorithm a: | represents the computation time of the solution generated by the heuristic algorithm

b: IT represents the balancing cost of the solution generated by Thomopoulos® method b: II represents the computation time of the solution gencrated by Thomopoulos’ method

In applying Thomopoulos’ method, the desired cycle time fahose generated by Thompoulos’ mixed model line balancing

each station in the line was set &p. The solutions generatedmethod in terms of the balancing cost. The computation time

by the heuristic and Thomopoulos’ method are compared ofi the two methods is illustrated in Table IV.

Table IlI. The solution generated by the heuristic algorithm provides
One can see from Table Il that the solutions generated Imore flexibility for solving the configuration problem. It can be

the heuristic algorithm developed in this paper are better thmther improved by using other approaches, e.g., the insertion
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Step 1. WhileT'(S},) < Tyye do:

@ computef = arg min{7°(Sy) + T;: j € D}.
@%@ @ If [T(Gh)+ Ty > Tove] and [T(G),) + T

_Ta've > Ta'ue - T(Gh)], GoTo Step 2,

otherwise:
Fig. 13. The superimposed variant assembly graph. assign operatiorf to stationh;
Gh = Gh U f7
approach presented in [25]. V =V\/;
T(Gh) = T(Gh) +Ty;
V. CONCLUSION UpdateD.
To respond to the challenge of agile manufacturing, com- Step 2. [Ifh = M, then assign all unassigned
panies are striving to provide a large variety of products operations inV to stationh, STOP;
at low cost. Product modularity allows to produce different otherwise:
products through combination of standard components. One of h=h+1, GoTo Step 1.

the characteristics of modular products is that they share the
same assembly structure for numerous assembly operationd.he example presented next illustrates the sequential as-
The special structure of modular products provides challengggnment procedure.

and opportunities for the design of assembly systems. GivenExample 2: Find a feasible partition of variant operations

a family of modular products, designing a low cost assembfynong three station§M,, = 3). The superimposed variant
system is an important issue. In this paper, an approach &msembly graph is shown in Fig. 13.

design of assembly systems for modular products is proposedThe processing time;;, production quantity for each prod-
The assembly system is decomposed into two subsystemet (;, and the aggregated processing tiffieof each oper-
based on the structure of modular products. The configuratiation are as follows.
problem of the assembly system is formulated and solved

by a tabu search based algorithm. The algorithm considers 1 i 52 g 61 6) Q:;
concurrent partition of assembly operations and scheduling of ala o 2 7 o0lo
products to minimize the total balancing cost of the assembly tiy; = 3la 5 0 7 ola
W0 variants of the heuristic algorithm with two difierent atd 007 3l
wo variants of the heuristic algorithm wi o differen T, 40 35 4 49 3

scheduling rules were tested. The results of the computational
experiments have shown that the SAPT rule is more effectiveThe average processing time at each station is computed:
in searching for a good solution of the configuration problem

than the STPT rule. However, as the problem size increases, T [3(404— 35+4449+ 3)} -

the difference between the solutions generated by the two ave ™ 3 o

scheduling rules decreases. This indicates a potential use of

the STPT rule as a simple and practical scheduling rule in

solving the configuration problem. The solutions generated b$tep 0. Set the station indéx= 1; the set of

the heuristic algorithm were compared to those generated by operations assigned to statién Gy, = 0;

an existing line balancing method. The comparison results the set of operations unassignéd= Q.

show that the heuristic algorithm developed in this paper = {ol, 02, 03, 04, 05}; placeol

outperforms the general balancing method. in the set of unassigned operations without
The solution approach proposed for solving the configura- any preceding operation8, D = {ol};

tion problem can also be applied to other types of manufactur- set the processing time at statién

ing systems which can be decomposed based on the structure T(Gy)=0,forh=1,.--, M,

of the products to be produced, e.g., cellular manufacturing.Step 1.  Sincel’(G1) = 0 < T4y = 44 and
T(Gl) + 11 =40 < 44, do:
APPENDIX A assign operatiownl to station 1;
Gi=GUl= {01};
V ={ol, 02, 03, 04, 05}\ol = {02, 03, 04, 05};
T(Gl) = T(Gl) + 11 = 40;

The flowchart of the heuristic algorithm is shown in Fig. 12.

APPENDIX B D = {02, 03)}.
SinceT(G,) = 40 < Tgye = 44, do:

Sequential Assignment Procedure (SAP) computef = 3 = arg min {40 + 35, 40 4 4}.
Step 0. Set the station indéx= 1; the set of SinceT(Gy) + T3 =40+ 4 = 44 = T4, dO:

operations assigned to station G, = ; assign operation3 to station 1;

the set of operations unassignéd= Q,; G =G U3 ={ol, 03};

place all operations if¥" without any V ={02, 03, 04, 05}\03 = {02, 04, 05};

preceding operations in sé; set the T(Gh) =T(Gy) + T5 = 44;

processing time at statiol, 7(G},) = 0, D = {02}.

forh=1,---, M, SinceT(G) = 44 = Tyve, goto Step 2.
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(13]
™ > _> [14]
S1 S2 S3
Fig. 14. The initial partition of operations. [15]
Step 2. Sincé = 2, goto Step 1. [16]
Step 1. Sinc&’(G2) =0 < Tyye = 44, do:
computef = 2 = arg min {0 + 35}. [17]
SinceT(Gy) + Tz = 35 < Tyye, do:
assign operation2 to station 2; [18]
Go=GU2 = {02};
V = {02, 04, 05}\02 = {04, 05}; [19]
T(Gr) =T(Ga) + 17 = 35;
D = {o4}.
SinceT(Gs) = 35 < Thye = 44, do: (20]
Computef = 4 = arg min {35 + 49}.
Since[T(G2) + Ty = 35449 = 84 > Tye] [21]
and [T(Gg) + Ty —Thpe =84 —44 = [22]
40 > Type — T(Go) = 44 — 35 = 9],
goto Step 2. [23]
Step 2. Sincé = 3, assigne4 ando5 in V to [24]
station 3,G3 = G3 U 04 U 05 = {04, 05}.
STOP. [25]

The initial partition of operations among three stations is

obtained (see Fig. 14).

(1]

(2]
(3]
(4]

(5]

(6]
(7]
(8]
(9]
[10]

[11]

[12]

[26]
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