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Abstract

In planning an assembly system, choosing the proper assembly sequence is
one of the most important decisions because it significantly affects the costs
associated with the assembly process. This paper deals with the selection of
assembly sequences in flexible assembly systems. The selection criterion is
the minimization of makespan to complete all assembly products. This prob-
lem is formulated as a “modified FAS scheduling problem” (MFASSP) and
its scheduling procedure is described. The experimental results show that

the proccdure is very efficient for both quality of solution and computation
time.

1. INTRODUCTION

The flexible assembly system (FAS) has been gaining increasing interest
eversince the flexibility concept was intruced in manufacturing systems.
Even though there are various definitions of FAS, Donath, et. al.[7] has that
defined it clearly as a collection of flexible workplaces that may perform any
subset or all of the required operations on a variety of parts. In the flexible
assembly system environment, the choice of assembly sequence becomes the
key factor to the efficiency of the system, in which multiple assembly
sequences are allowed to produce multiple products with many different
parts. In other words, whenever production plans are changed by the intro-
duction of new products or different parts, new assembly sequences may be



- 68 International Journal of Management Science Bongju Jeong

required to maximize the system performance.

Most previous researches on the evaluation and selection of assembly
sequences have been based on the performance of assembly activities, thus
the chosen sequence may need easier and simpler operation than any other
sequences ([3], [4], [5], [9], [12], [15], [16], [19], [22]). However, the as-
sembly sequence affects not only the performance of the assembly activities
themselves but also the efficency of the whole assembly system. The objec-
tive of this research is to evaluate and select the most efficient assembly se-
quence in the flexible assembly system (FAS) environment. The evaluation
criterion is the makespan to finish all products. Therefore, the scheduling
problem in the FAS environment is solved, which is newly modelled as a
modified flexible assembly systems scheduling problem (MFASSP).

Donath, et al.[7] developed a mathematical model for the flexible as-
sembly systems scheduling problem (FASSP) in which the objective function
is to minimize the makespan for completing all products under the FAS en-
vironment. Donath showed that the FASSP is NP-complete; thus, it is un-
likely that there is a polynomial time optimal algorithm for solving it. Since
subproblems of MFASSP are “parallel processor scheduling problems,” we
need to develop new algorithms for this type of problems. Given # single-op-
eration jobs and m processors on which any set of jobs can be processed, the
problem is to schedule z jobs on » processors in parallel with the objective
of minimizing the makespan. This problem can be classified into four types
of problem according to types of job and processor as shown in table 1. All
these types of problem are known to be NP-complete. No polynomial time
bounded algorithm for optimal solutions has been developed for general
cases of any of the four types of problem. much recent research has been es-
tablished for type I, II, and [ problems ([18], [2], [6], [23], [11], [20],
(21], [10], [13], [8]), but very little is known about Type IV problem([17],
[1]). If we have a product and one assembly sequence in the MFASSP, the

MFASSP becomes a Type IV problem which is more general than any
otherrrr problem.
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Table 1. Types of scheduling Problems with Parallel Processors

Jobs

Independent Dependent

Identical Type I Type I1
Non-identical Type 111 Type IV

Processor

2. Modified FAS Scheduling Problem: MFASSP

A new way to find the best assembly sequence in flexible assembly
systems is the use of the Modified Flexible Assembly Systems Scheduling
Problem (MFASSP). It can be described as follows:

Suppose there are a number of products to be assembled in FAS and each
product has various alternatives for the assembly operation sequence. The
FAS consists of a number of flexible workstations that can perform all
subassembly operation types. Each workstation may have a different per-
formance. The execution of a single subassembly operation can occur at any
workstation during a given period of time, but not at more than one
workstation simultaneously. The problem is to schedule all subassembly
operations according to one assembly operation sequence for each product,
while minimizing the makespan to complete all products.

From the problem description of the MFASSP, the mathematical model is
formulated as follows:

Given P : the set of all products
: the set of all subassembly operations

: the 1th subassembly operation sequence of product p

: the number of subassembly operation sequence of product p

: the set of all workstations
: the number of workstations, i. e., I<k<wm, for any k€ K

I 2SS

t; : the duration of subassembly operation : at workplace £
sz : the starting time of subassembly operation z at workplace %

d : a displacement time such d>max ¢, for all z€ 7 and for all £t K.
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Minimize Maximum (s,+¢;,) for all 7€/, ke K
subject to:
(Constraint Set 1) Each workstation 4 can process no more than one
subassembly operation at a time. For all workstations A€ K and all task
combinations involving workstation %, the following must be satisfied for
i, 7€1: | | '
Sa + tu < Si
or
Si = Sp + I
or
Sa + 5, =0
(Constraint Set 2) Each subassembly operation should meet technological se-
quence requirements. For all subassembly operation combinations z, j&€/,,

where the subassembly operation z must precede 7 for &, n€k and n#k£, the
following should be satisfied:

Sa + ti < S,
or

S =0
or

S, =0
or

Sa + 1, =0

(Constraint Set 3) For each product, exactly one of its subassembly oper-
ation sequence should be performed. For all products p< P, the following
should be satisfied:

> Y s, > 0and > Y s, = 0for all / such that /#1

i€Jip k€K i€]ip keK
or
Y. Y si > 0and > Y s, =0 for all / such that /#2
t€Jip kEK i€Ji.p k€K
or
or

> Y s, > 0and > Y s = 0for all / such that /#N,
t€JNp.p kEK i€jip ke K
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(Constraint Set 4) All subassembly operations in the chosen asSembly se-
quence for each product should be scheduled while satisfying the condition
that each operation must be assigned to only one workstation. Also the

starting time offest of 4 is needed to avoid the inclusion of £, in the objective
function, even though the associate s,=0 for unscheduled operations. Thus,

the following set should be satisfied for all subassembly operatons :z€j,,
where / is the chosen sequence for a product p€ P.
s.1 > d and s; = 0 for all k€K such that £#1
or
s.2 > dand s; = 0 for all €K such that £ #2
or

or
S;m > dands; = 0for all t€K such that £ #m

Since the MFASSP is NP-complete, the MFASSP is not likely to be
solved by polynomial time algorithm[14]. This is why a heuristic procedure
is needed to solve the MFASSP.

3. SCHEDULING PROCESS FOR MFASSP

3.1. Scheduling by Decomposition

Suppose that there is only one product and one assembly sequence in the
MFASSP. The problem is to schedule all subassembly operations according
to an assembly operation sequence, while minimizing the makespan in the
FAS. Consider an subassembly operation tree as shown in Figure 1, where a
node corresponds to a subassembly operation and the directed arcs
represents the precedence between two nodes. The tree can be decomposed
into several groups so that within each group, subassembly operations are
independent of each other. If there is no precedence relation among as-
sembly operations, they are independent of each other.
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(a) _§ubassembly Operation Trce (b) 3 Groups Gencrated by Decomposition

Figure 1 Tree Decomposition

Scheduling within a Group

Since the subassembly operations within a group are independent of each

other, the scheduling problem is stated as follows:
Problem(P): Suppose there are z independent subassembly operations and
m workstations with different performances (i. e, non-identical, unrelated
workstations). Each workstation can perform any subset of subassembly
operations. Each subassembly operation can be processed by at most one
workstation at a time and preemption is not allowed. The problem is to find
the schedule that minimizes makespan.

Solving the problem (P) is the basic process for solving the MFASSP be-
cause the MFASSP can be solved by the successive solving of (P) group by
group. Since the problem (P) is the scheduling problem with “parallel
non-identical machines and independent jobs,” a type III problem, it is also
NP-complete. Consider following two conditions;

(1) Condition for the ready time of operations (o;)
Each operation has a ready time at which the operation is available for
processing. For an operation ¢z, either o, = 0 or o, > 0.
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(2) Condition for the ready time of workstations (w);):
Each workstation has the ready time at which the operation is available
for processing. For an workstation 7, either w; = 0 or w; > 0.
(For convenience, 7 is used as a subscript for workstations instead of &
which is used in the MFASSP model.)

Suppose there is an assembly sequence for each product, and we are try-
ing to schedule all operations by product, sequentially as shown in Figure 2.
Each assembly operation tree is decomposed into groups. Then the schedul -
ing problem (P) within a group is classified into three subproblems accord-
ing to the above two conditions as follows;

Second Product

First Product

il Subproblem (P3)
Group 2

Figure 2. The Subproblems Corresponding to Each group
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Subproblem (P1): Problem (P) with 0,=0 and w;=0 for all 7, ;.

All operations and workstations have the same ready times of zero. This
problem corresponds to the first group of assembly sequences for the first
product as shown in Figure 2.

Subproblem (P2): Problem (P) with 0,=0 and w,>0 for all ¢, ;.

All operations have the same ready times of zero. Workstations may have
different ready times. Thus this problem is more general than problem (P1).
This problem corresponds to the first group of assembly sequences for the
second and subsequent products.

Subproblem (P3): Problem (P) with 0,>0 and w,>0 for all ¢, ;.

All operations and workstations may have different ready times. Thus this
problem is the most general case of Type III problems. This problem
corresponds to the second and subsequent groups of assembly sequences for
all products.

To solve the MFASSP, three types of subproblem should be solved. The
objective function of all subproblems is the minimization of makespan. How-
ever, note that each group except the last group of the last product affect
the subsequent groups due to their completion time. Even if the alternative
schedules have the same makespan, a schedule with a smaller sum of
makespans (SOM) is preferred because its subsequent group can start
earlier at some workstations. Thus, the objective of our subproblems is not
only to minimize the makespan but also to minimize SOM if there are
alternative schedules with the same makespan.

3. 2. The Scheduling Procedure

As described in the previous section, the subassembly operations of an as-
sembly sequence can be scheduled by decomposing the corresponding
subassembly operation tree into groups and scheduling each group
successively. Similarly, by extending this idea, the MFASSP is solved. To
solve the MFASSP, three types of subproblems should be solved. For each
subproblem, its own algorithm is needed. Let Algorithm (A1), (A2), and
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(A3) be the algorithm to solve the subproblem (P1), (P2), and (P3), respect-
ively. The scheduling procedure for the MFASSP is as follows:

Scheduling Procedure for the MFASSP

Step 1. Let S be the null schedule and P be the set of products to be sched-
uled.

Step 2. Choose a product p from P arbitrarily.

Let J, be the set of subassembly operation trees of the product p.
Let T be a large enough integer.

Step 3. Choose a subassembly operation tree ; from J, and decompose it.

If the product p is the first chosen product, then go to step 4.
otherwise, go to step 5.

Step 4. Given the schedule S, schedule the subassembly operations within
the first group by algorithm (A1), and within each subsequent group
by algorithm (A3).

Let S; be a new schedule in which j is added to S, and T; be the
makespan of S.
Go to step 6.

Step 5. Given the schedule S, schedule the subassembly operations within
the first group by algorithm (A2), and within each subsequent group
by algorithm (A3). Let S; be the new schedule in which j is added to
S, and T'; be the makespan of S.

Step 6. If T<T,, then T<T . Otherwise J,<J,—7.

If J,=¢ , S<-S; and go to step 7.
Otherwise, go to step 3.
Step 7. P<-P—p.
If P=¢ , then stop.
Otherwise, go to step 2.

The process is based on “product by product” scheduling. Beginning with
the first product, the best assembly sequence for each product is scheduled
one by one. The best assembly sequence for the first product is chosen after
all of its alternative assembly sequences are evaluated independently. The
best assembly sequence is an assembly sequence with a minimal makespan.
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Given the schedule of the previous product, the best assembly sequence of
next products is chosen in the same way. Each alternative assembly se-
quence is scheduled by decomposing its subassembly operation tree into
groups and scheduling each group successively.

4. HEURISTIC ALGORITHMS FOR SUBPROBLEMS OF MFASSP

4. 1. Background of Heuristics

Unlike the general type III problem, the subproblems of MFASSP have

the following properties:

(1) The subproblems minimize the makespan and also minimize SOM
(sum of makespans) under the same makespan.

(2) The subproblems have the general constraints for ready times of
workstation and operation. These constraints make the problem more
difficult. The improvement procedures consider only the Type III
problem with no constraints for ready times.

In order to solve the subproblems efficiently, the scheduling process of

new heuristics is done by updating the Assignment Table as shown in Figure
3.

,)’.rf Wi WD e Wiy _ Kl 2 e m
o (1 @) Bm o [ @ ') m

03 {131 13"2 3 131 t3:2 ............ @

...........................

...........................

(3) 9 ,w; arc specificd. ~ (b)o; ,w; are not specified.

Figure 3. Assignment Tables
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The assignment table contains all input information, and each output is
generated and represented on this table. The assignment table consists of

information about ready times for operations and workstations (o, w,),

processing time (¢;), and the makespan of each workstation (f;). If the ready

times for operations or workstations are not specified, they are replaced
with indices of operation or workstation. Of this information, a processing
time ¢, is contained in a cell (7, j). Thus, each cell (7, ) corresponds to a pair
of operation : and workstation j. There are four types of cells.

— Assigned Cell: a cell(7, ) such that operation 7 is assigned to

workstation ;.

—Not-Assigned Cell: a cell that is not an assigned cell.

—Leaving Cell: an assigned cell that will be a not-assigned cell in the next

iteration during execution of an algorithm.

—Entering Cell: a not-assigned cell that will be an assigned cell in the

next iteration during execution of an algorithm.

In the assignment table, the assigned cell is identified by a circle on the
cell. At every iteration of the heuristics, the updating process of the assign-
ment table is to choose the leaving and entering cells, update the assign-
ment, and compute the makespan and SOM for the new assignment. The
basic process is to reduce the maximum completion time of the current
schedule by making new assignments at every iteration. |

4. 2. Development of a Heuristic for Subproblem(P1)
The subproblem (P1) is described as follows:

Subproblem (P1): Suppose there are » indepenent subassembly operations
and m workstations with different performances (i.e., non-identical,
unrelated workstations). Each workstation can perform any subset of
subassembly operations. Each subassembly operation can be processed by at
most one workstation at a time and preemption is not allowed. Operations
are simultaneously available at time zero. Also, all workstations are available
at time zero. The problem is to find a schedule that minimizes the makespan.

As shown in Figure 2, the subproblem (P1) deals with the first group of an
assembly operation tree for the first product. Since the assembly operations
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are in the first group of the first product, there are no preceding operations
and no workstations occupied. Based on the problem description,
subproblem (P1) can be formulated as an integer programming problem as
follows:
Given »: the number of workstations
»n : the number of independent operations
t;: the duration of operation z on workstation s
Minimize y

Subjectto  y—) t;i-x; 20 7=1tom

n
=]

Lo d

Y ox; =1 i=1ton

x; = 0 or 1 for all ¢, ;.
where y : the makespan of the schedule
x;: the indicator variable defined as follows:
x; = 1 if operation ¢ is assigned to workstation ;
x; = 0 otherwise.

Let algorithm (Al) be a heuristic algorithm for subproblem (P1). The input
and output of algorithm (Al) are:

Input

1 < 7 < n: index of operatons

1 < 7 < m: index of workstations

t;: the processing time of operation 7 on workstation s for all 7 and ;.
Output

x;: the indicator variable
x; =1 if operation ¢ is assigned to workstation ;
x; = 0, otherwise.

f: the makespan to complete all operations

SIS~ T

1</<m
where f; is a makespan on workstation ;.
f,: SOM
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The ready times for operations and workstations are zero in subproblem
(P1), and so are ignored as input. Also even after the scheduling is done,
the starting time of each operation need not be specified, because for a
given workstation its makespan is not affected by the assigned order of
operations on that workstation. Algorithm (A1l) for solving subproblem (P1)
is as follows:

ALGORITHM (A1)
(An Algorithm for Subproblem (P1))
Step 1. (Initial Solution)

Assign each operation : to the workstation s that gives the minimal
processing time (if a tie occurs, choose arbitrarily). Then, make the
initial assignments:

X < 1,

x < 0 for all s such that j#k%
Compute a makespan for each workstation j given as:

f = ;tﬁ-xﬁforauj

Compute SOM: fi = il £

Also, let R be a set of workstations that have the same maximal
makespans.
Arbitrarily choose one workstation € R and R<R—u
L «<¢,L,<¢.
k<1
At { iteration A),
Step 2. (Choose the Leaving and Entering Cells)
Choose the leaving and entering cells for the following two cases.
(Case 1) Let Q be a set of cells such that
Q=GN | x,=1, t,<f.—f,(¢, ))& L,} for all i, j but j#u.
The entering cell (p, j) is chosen such that

tpf _tpu= . min {tu_tw}ztl.
! (¢, NEQ

If a tie occurs, choose the cell that includes the operation
with the maximal processing time on workstation z.
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Then the leaving cell is (p, %)
L <L, U @,z
(Case 2) Let T be a set of (7, 7,, /) which satisfies:
Xiw=1, x,=1,
t., >t t—t. <f—fo
(i, ) § L,or (4,7,) & L,
for all z,#:, and all ;s but ;j #.
Choose (g, 7, j,) such that
min
(z,, 2,,7)€T

If a tie occurs, choose one (g, 7, 7,) that results in the largest

(ti—t )+ —t,) = @, —t )+, —t,N=r"

reduction of f..
Then the leaving cells are (g, ) and (7, 7,).
The entering cells are (7, ) and (q, 7).
L,< L, U (quw U @,j;)
IfQ =T = R = ¢, stop.
IfQ =T = ¢ and R = ¢ , arbitrarily choose one workstation € R
and do step 2 again.

Otherwise, go to next step.
Step 3. (Update Solution)

Let t = min {¢', ¢°}.
(Case 1) If t=¢', make new assignments: x,, < 0 and x,, < 1.

Compute makespans f,, f;1, and f;:

Jos S — to fan <= fi + &
fi<f + ¢,
(Case 2) If t=t°, make new assignments
Xp < O, x,, < 0,
X, < 1, x4, < L

Compute makespans f,, f», and f;:
fa e.f-a.t_(tq;m--“-tim)').f‘jz é_.f}z + (tquﬂtrjz) + (tqu_trj)s
f, < fi+t. |
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Construct R and arbitrarily choose one workstation € R.

R<-R—wu and increase iteration k<k+1. Go to step 2.

In steps 2 and 3, the objective is to decrease the largest makespan f, by
partially changing the assignment of operations so that the whole makespan
for the current assignment is also decreased. There are two ways to do this.
Case 1: The makespan f, is decreased by deleting one assigned operation on

workstation « (choose the leaving cell). For illustration, consider an assign-
ment table with eight operations and four workstations as shown in Figure 4.
The assigned cells are marked with circles. As shown in (a) of Figure 4, the

i J1 u
N1 o2 3 4 N 1 2 3 4
15 ® 4 5 115 B 4 5
213 @ 3 5 213 @ 3 5
313® 6 71 6 3@ 6 71 6
4 6 S 5 4 6 5 5
SO | D
S5 {® s 1 6 51® s 1 6
—> '
P 6 |[Q_6 8 6|5 6 8 (O
716 G 6 5 716 G 6 5
81 3 3 2 @ 8§13 3 2 (D
13 113 10 0 5 12 § 10 0 12
T 3
Ju Ju
makespan: f;, = 13 makespan: f, = 12
SOM =28 SOM =30
leaving cell : (p, 1) = (6, 1)
catering cell: (p,j) =(6, 3)
(a) Initial Assignment Table (b) Improved Assignment Table

Figure 4 The Improvement of Solution: Case 1 of Algorithm (A1)
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makespan for the initial assignment is 13 and there is one corresponding -
workstation z=1. Thus the leaving cell is chosen on workstation 1. The set Q
of candidate entering cells is:

Q = {(3,3), (3,4), (5,3), (5,4), (6,3), (6,4)}.

To choose an entering cell compute the following:

for cell (3,3), t;;—t;,;=7—4=3

for cell (3,4), t;,—t,;—=6—4=2

for cell (5,3), t;;—t;,=7—4=3

for cell (5,4), t;,—t;;=6—4=2

for cell (6,3), t;;—t;;=8—5=3

for cell (6,4), t;,—t;;=7—5=2
Since min {3, 2, 3, 2, 3, 2,} = 2, one of three cells (3,4), (5,4), and (6,4) is
chosen as the entering cell. Since operation 6 has a maximum processing
time, the cell (6, 4) is chosen as the entering cell. Then, the leaving cell is
(6, 1). The improved assignment is shown in (b), and the improved
makespan is 12 on workstation 4. The SOM is 30.

Case 2: In this case, the basic process is to switch two assigned operations
between two workstations. One operation is from workstation z, and the
other operation is from other workstations.

The upper bound for computing time of Algorithm (Al) is O(»' »’). The
chosen workstation z is one of the workstations with a maximal makespan
and is always improved at each iteration f, ' <f.. Even if there are more
than one workstation with a maximal makespan (i. e., R#¢ ), one of them is
chosen at each iteration and improved. Finally, all of them are improved un-
til the stopping criterion is satisfied. Algorithm (A2) is exactly same as al-
gorithm (Al) except the computation of makespans.

4. 2. Development of a Heuristic for Subproblems (P3)

Subproblem (P3) deals with all groups except the first group of an as-
sembly operation tree for each product. Since there are the precedent
operations and workstations may be available at different times, this prob-
lem may have the non-zero ready times for operations as well as
workstations. Thus, subproblem (P3) is the most general problem of type



Selection of Assembly Sequences vol. 1, No. 1 83

ITI problems. In the subproblem (P1) and (P2), the operations assigned to
a given workstion do not need a particular scheduling procedure because
any schedule without inserted idle time gives a minimal makespan. How-
ever, in the subproblem (P3) the operations assigned to a given workstion
must be scheduled to minimize the makespan. Therefore, the design of a
heuristic procedure for the subproblem (P3) must consider a procedure to
schedule the operations assigned to a given workstation. This problem is
called the “Single Processor Scheduling Problem” (SPSP). Description of
the SPSP and its mathematical model are as follows:

Single Processor Scheduling Problem (SPSP): Suppose there is a set of in-
dependent subassembly operations with a given processor (a workstation).
Each operation has the ready time at which the operation is available for

processing. The problem is to find a schedule that minimizes the makespan.
Given I : the set of operations

t; :the processing time of operation 2
o; :the ready time of operation
s; : the starting time of operation 7
Minimize Maximum(s;+¢;) for all ;€ J
Subject to:
(Constraint Set 1) The workstation cannot process more than one operation
at a time. For all operation combinations iz, 7,€/, the following should be
satisfied:
Sa t i £ Si
or
Si = Sip t 1
(Constraint Set 2) Each operation can start only after its ready time. For
each operation the following must be satisfied:
Si = 0,
In order to solve this problem, our optimal algorithm employs the earliest
ready time (ERT) procedure. In the ERT procedure, first we sequence the

operations in nondecreaseing order of ready times called ERT order and
schedule the operations in this order. The ERT algorithm provides an opti-
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ALGORITHM ERT
(An Algorithm for the SPSP)
Step 1. Construct an ERT ordering of operations in 7.
f< 0.
Step 2. Schedule the operations in ERT order while satisfying the ready
times. Each time assign an operation /, computer s; and f as follows:

s; = max {f, o}
f — si + t:’
The computing time of algorithm ERT is O (n log »).

T heorem

The algorithm ERT generates an optimal schedule with the minimal
makespan.
Proof: Let S be the schedule generated by the algorithm ERT.
(Case 1) If there is no inserted idle times, obviously S is an optimal sched-
ule. Then the minimal makespan f is:

f =o0u + th

ie]

where 0,4 : the ready time of operation #(k)

i(k) : an index for the kth operation in the ERT order.
(Case 2) Suppose there are inserted idle times in S. There may be a number
of inserted idle timc; periods. Suppose there are p inserted idle time periods.

The jth idle time period has a time period has a time period [7s;, 7s; + #].
Let »; be the number of operations scheduled before the jth idle time period.

Consider the first idle time period. Then #», operations are scheduled without
n]

inserted idle times, i. e., zs,=0,,,+ )_t». This means that the schedule for
k=1

these n, operations is an optimal schedule with the makespan is,. Let us
check if any operation except any of these n, operations can be scheduled

during the first idle time period [7s,, s, +7¢,].
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There is no such operation because for all operations iz, A>n, ow=1s,
+it.. Thus any operation #(k) such that £>#»n, should be assigned after is,+.

Also the next », operations are scheduled without inserted idle times, i. e., s,
ni

= Oim+1) + k_ZHl t.». Thus the schedule for these », and #z, operations is an

optimal schedule with the makespan ¢s,. By induction, the schedule for the

Y. = operations is also an optimal schedule with the makespan is;=

i=1
&

on_.+1)+ Y tw Thus the schedule S for all operations is an optimal

k=nj-1+i

schedule with the makespan f=o0{2n,+ 1 )+ i tiwe

k=npt 1
For example, Figure 5 shows the application of Algorithm ERT to a
six-operation problem. The detailed steps for this problem are as follows:
Step 1 : Construct an ERT ordering of operations. The ERT ordering is

3-5-1-2-6-4.
J=0.

Step 2 : Schedule the operations in ERT order.
Operation 3 : S; = max {0, 1}=1. f=1+2=3.
Operation 5 : S; = max {3, 2}=3. f=3+1=4.
Operation 1 : S; = max {6, 6}=6. f=6-+3=9.
Operation 2 : S, = max {9, 7}=9. f=9+1=10.
Operation 6 : S; = max {10, 7}=10. f=10-+2=12.
Operation 4 : S, = max {12, 13}==13. f=134+3=16.

Thus the minimum makespan is 16.

All procedures of Algorithm (A3) are the same as those for algorithm
(A1), except the computing procedure of £, and S. In algorithm (A3) the
makespan f; and the schedule S; on workstation ; are computed using algor-
ithm ERT. The total computing time of algorithm (A3) is bounded by OG¢’

(logr)m’), and the makespan of each iteration is always improved until the
stopping criterion satisfies.
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i o} oo k| i(k) |Qick)
1 | 3 6 11 3 1
2 | 1 7 2 | 5 2
3 | 2 1 3 | 1 6
4 | 3| 13 4 | 2| 7
5 1 2 51 6 7
6 | 2 7 6 | 4| 13

an ERT order of opcrations

i  :anindex of operations .
t;  :thc processing time of opcration i
o; :thercady time of opcration ¢

k  :thc kth ERT order
i (k) : an operation of the & th ERT order

operation

N\

3 s 1 2 6 4
(I)NSSI\\\\\L\NR\:O\\\‘B\\\ILS\\\‘...I

makespan f = 16

Figure 5. The Application of Algorithm ERT to a Six-Operation Problem
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5. EXPERIMENTAL RESULTS

The efficiency of Algorithm (Al), (A3), and MFASSP scheduling pro-
cedure was investigated. All algorithms were coded in C language and run
on a VAX computer. Algorithms (Al) and (A3) were tested on problems
with combinations of »=10, 20, 50, and 100 operations and m==>5, 10, 20 and 30
workstations. For each value of n and », five problems were generated
using a random number generator. Each problem was designed to have the
best-known schedule. The efficiency of each heuristic is evaluated by the av-
erage relative deviation (D) from the known optimal makespan, i.e., D=100
f.—SfDf . Where f,, f,,. are the makespans of the schedule generated by our
heuristic and the optimal schedule, respectively. Also, the average relative
deviation of SOM is computed. For the MFASSP scheduling procedure, we
tested twelve problems with combinations of #p=10, 20, 50, and 100 products
and m=>5, 10 and 20 workstations. And, for each value of np and m, five

problems were generated. Since a product £ has », assembly operations with
10<#,<30, each problem consists of np products and N assembly operation

where 7, assembly operations with 10<#,<30, each problem consists of zp

products and N assembly operations where N = k; n,. For ease of exper-

imentation, we simplified the MFASSP by assuming that each product has
one assembly sequence and each assembly sequence has no precedence
constraints. The results show that our heuristics provide quite good solutions
which are very close to the optimal solutions, as follows.

Table 2. Efficiency of Heuristics

Deviation (%) from Opt. Sol.

Heuristics

min max avg.
Algorithm (A1) 0.00 1.09 0.40
Algorithm (A3) 0.00 1.53 0.42

MFASSP Scheduling 0.00 1.75 0.84
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For all heuristics, the computation cost is low enough to be implemented in -
the real FAS. Algorithms (Al) and (A3) take less than a second and a min-
ute, respectively, for 100-operation problems. The MFASSP scheduling heu- |
ristic also solves all large scale problems (i.e., #p=100, N=2,000) in ten
minutes.

6. CONCLUSIONS

Unlike the current evaluation systems of assembly sequences, good as-
sembly sequences can be chosen based on the FAS performance. The selec-
tion criterion used in this study is the makespan to finish all assemblies. Of
many alternative sequences, the assembly sequence with a minimal
makespan is chosen as the best assembly sequence. In order to do this, the
Modified FAS Scheduling Problem (MFASSP) was formulated and a new
heuristic algorithm was developed to solve this problem. This heuristic al-
gorithm provided very satisfactory results for both quality of solution and
computation time.

The heuristic for solving the MFASSP can be used to solve many variants
of schr::duling problems because the MFASSP consists of several different
subproblems and each subproblem is a different type of scheduling problem.
Also, if there is no alternative assembly sequence for each product, the
MFASSP becomes the FAS Scheduling Problem (FASSP). The MFASSP is
easily solved by applying the MFASSP scheduling procedure without a
selection process.
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