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A Sequencing Problem for Mixed-Model Assembly Line with the
Aid of Relief-Man*

Jae Kyu YOO™, Yoshiaki SHIMIZU** and Rei HINO**

There usually exist large variations in assembly times at mixed-model assembly lines de-
pending on difference of product-models. To increase efficiency of line handling under such
circumstance, this paper concerns with a sequencing problem for the mixed-model assembly
lines where each product is supposed to be assembled within the same cycle time. Then, we
formulate a new type of the sequencing problem minimizing the weighted sum of the line
stoppage times and the idle times, and propose a new sequencing method with the aid of Re-
lief Man (RM). Since the resulting problem refers to a combinational optimization problem,
we develop a hybrid method that applies meta-heuristics like SA (Simulated Annealing) to-
gether with TS (Tabu Search) in a hierarchical manner. Finally, we examine the effectiveness
of the proposed method through computer simulations and show the advantage of using RM

against various changes in production environment.
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1. Introduction

Sequencing is viewed as an important stage for rais-
ing the efficiency of line handling of the assembly line
where mixed-models are assembled every constant cy-
cle time. In the mixed-model sequencing problem, one
of the two major goals is to level the workload at each
workstation on the assembly line against different assem-
bly time per product-model (Miltenburg, 1989)). An-
other one is to keep the constant usage rate of every part
at the assembly line (Duplag and Bragg, 1998)®. Con-
cerns about these two goals have been widely discussed in
the literatures. For examples, the workload-leveling prob-
lem was addressed by Okamura and Yamashina (1978)®.
Yano and Rachamadugu (1991)*® concerned with the
problem that aims to minimize the risk of assembly line
stop. Sumichrast and Russell (1990)® discussed the parts-
usage smoothing problem. Moreover, the problem to
attain these two goals simultaneously was discussed by
Korkmazel and Meral (2001)®. However, all these stud-
ies are not applicable in the case where large variations ex-
ist in the assembly times among different product-models.
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By installing a bypass line, Tamura (1999)”) dealt with
the inefficiency such as line stoppage or idle time of work-
ers due to the difference in the assembly times. However,
this approach causes another disadvantage that we need to
remove the installation after it becomes unnecessary.

In this paper, we concern with a sequencing problem
in the mixed-model assembly line that achieves the above
two goals while overcoming the disadvantages mentioned
above. That is, instead of installation of the bypass line
as a hard facility, we will introduce RM (Relief Man) as a
soft facility. Here, we define RM as multi-facility worker
who supports general workers (called just worker here-
inafter) on the assembly line. After formulating the prob-
lem, we will propose its practical solution method that can
solve the combinational optimization regarding injection
sequence of the mixed-models and traveling routes of RM
to support workers. Then, we develop a hybrid method
that employs meta-heuristics like SA (Simulated Anneal-
ing) and TS (Tabu Search) in a hierarchical manner. Effec-
tiveness of the proposed method is verified through some
numerical experiments.

This paper is organized as follows. In section 2, we
develop a model for the mixed-model assembly line with
the aid of RM and formulate its sequencing problem as a
mathematic programming model. In section 3, we intro-
duce a solution method of realizing the sequencing with
high practicality. Section 4 is devoted to the numerical
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experiments.
2. Formulation by an Optimization Model

Figure 1 shows an example of the mixed-model as-
sembly line where K workstations are linked with a con-
veyor moving at constant speed. Each product is fed to the
assembly line from the first workstation every interval of
cycle time (CT). When the worker of each workstation is
unable to finish his/her work within CT, worker stops the
assembly line and needs to wait for the remaining work.

We further assume the following conditions.

1. Total number of order is I.

2. The maximum number of parts used on the work-
station is M.

3. There are two kinds of worker, i.e., worker and
RM.

4. Workers are confined to their workstation k (=
1,...,K) during assembly work, and their working time do
not exceed CT.

5. When worker must do his/her work exceeding over
CT, RM supports them.

6. RM can cover all workstations (multi-faculty), but
cannot operate more than two workstations simultane-
ously (see Fig. 2).

7. The line stoppage occurs due to the part shortage
k; workstation

® A ; Product model  t; injection period

| ; Work starting position
t=1 @L_2

wr Al 0 @ . .4l Fla.. .mala

k=1 k=2 k=K-1 k=K

Flow of product

Fig. 1 Mixed-model assembly line

t ; injection period & ; workstation = —— ; travelling of RM

% ; Workstation where the assembly time longer than cycle time exists.
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Fig. 2 Traveling of RM for workstations
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and work delays of RM as well.
8. Idle time occurs when the assembly time of RM
and/or worker is less than CT.
After all, our sequencing problem can be formulated
as follows:

T N
in z=pX P, X, AL O

T | K N' K
+H(1=pX D1 2 DR+ 3 3 X, G
=1 | k=1 b=1k=1
1
s.t
> X =1, b=1,..N', t=1,... T (2
keS!
2 Xpe=1, k=1,..,K, t=1,...,T (3
beN'!

w,2(-DxCT, k=1,...K, t=1,..T (4
The notation is summarized in the following.
IT : set of sequence (r€II)
P, : line stoppage time by the part shortage in work-
station k at injection period ¢t (=1,...,T)
: line stoppage time by the work delay of RM in
workstation & at injection period ¢
: idle time of worker in workstation & at injection
period ¢
R’ :idle time of RM whose work is not assigned at
injection period ¢
G, :idle time of RM whose finishing time is earlier
than CT in workstation k at injection period ¢
S’ : set of workstation that needs RM at injection pe-
riod ¢
w!, : work starting time of RM in workstation k at in-
jection period ¢
X}, : 0-1 variable that takes 1 if RM b is assigned to
workstation & at injection period ¢, otherwise, 0

p : weighting factor (0<p<1)

The objective function Eq.(1) is given as the
weighted sum of the line stoppage time and the idle time.
Sequence 7 and 0-1 variable X;, are the decision variables
of this problem. Among the constrains, Egs. (2) and (3)
are the conditions of generalized assignment, and Eq. (4)
is regarding the starting time of RM’s work. Moreover,
each time will be described below in detail.

Figure 3 illustrates a feature that the part shortage will
happen when the quantity of part 7 used actually (Y ak x!)

exceeds its ideal quantity (%) at the injection period. In
this case, P} is given as Eq. (5):

1
> ak x—trk,
i=1

m>"t

P, =max| max CT|,0], o)

1<m<M rk

where a;,, is the quantity of part m required per model i; x;]
is the cumulative amount of production for model i during
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Fig. 3 Calculation of line stoppage time based on goal chasing
method
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Fig. 4 Line stoppage due to work delay of RM

injection period from 1 to #, and r,, is the ideal usage rate
of part m. In Fig. 4, let muﬁ)sj (see Eq. (6)) be the traveling
time of RM b who moves from workstation s to k during
injection period from r—1 to 7, and WL, ! and WL! the
working time of RM b on s at -1 and k at 7, respectively.
A} is given by Eq. (7):

mp g =\WE ! = WS} Ix0, (6)
A}, =max(mvj,, + WL-' + WL, —2CT,0),
VseS™!, b=1,2,... N, 7

where WE;;I denotes the completion time of work on the
workstation s at the injection period ¢~ 1, and WS}, the
start time of work on k at ¢, and O the travel time of RM
per workstation. The idle time of worker occurs when the
work time denoted by L! on workstation & at injection pe-
riod t exceeds CT. Consequently, D is given as Eq. (8).
Dj =max(CT - L},0), €))
Moreover, the idle time of RM is classified into two
categories, i.e., that of “off RM” (R") and of “standby RM”
(G})- The former is given by Eq. (9) where N’ denotes the
RM number working at the injection period ¢ and B the
maximum number of RM necessary throughout the pro-
duction planning horizon. The latter is equivalent to the
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Fig. 5 Idle time of RM

idle time of RM b who cannot begin the work yet at the
injection period ¢ even though he or she has reached the
workstation k from s (see Fig. 5), and given by Eq. (10).

R'=(B-N')CT, 9)
G, =max(CT -muvl, , ~WL51,0),
VseS™! b=1,2,...,B, (10)

3. Solution Method

Since the above combinatorial problem becomes NP
hard, an approximated solution method is more desirable
than the rigid one for practical applications. From this
aspect, we have developed a hybrid method that divides
the original problem into two sub-problems in a hierar-
chical manner so that we can apply the efficient solu-
tion methods for each of them. Its upper level solves
a sequencing problem based on SA (Simulated Anneal-
ing), and the lower a route selection problem of RM using
TS (Tabu Search) and NNM (Nearest Neighbor Method;
Yanaura and Ibaraki, 2001)®). Moreover, we apply the
goal chasing method to derive an initial sequence for ef-
fective search in SA, and the levering method to decide the
RM number. Below, each algorithm will be explained in
detail (see Fig. 6).

3.1 Proposed solution algorithm
3.1.1 Upper level

Step 1: Generate the initial sequence (solution) based on
the goal chasing method.

Step 2: Go to lower level.

Step 3: Check the convergence condition about SA, and
stop if satisfied. Otherwise, generate a new se-
quence using the swap neighborhood, and go back
to Step 2.

3.1.2 Lower level

Step 1: Calculate the maximum number of RM required
throughout the production planning horizon after
smoothing the workloads under the given sequence
by the levering method (see Fig. 7).
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Step 2: Initialize tabu-list where the route of all RMs is
memorized as a solution.

Step 3: Generate each initial traveling route for the RMs
using the nearest neighbor method.

Step 4: After generating neighborhood solutions, choose
a solution having the minimum objective function
value from these. *

Step 5: If the convergence condition about TS is satisfied,
go to Step 6. Otherwise, update the tabu-list, and
go back to Step 4.

Step 6: Investigate the convergence condition about the
RM number, and go back to Step 3 of upper level

if satisfied. Otherwise, change the RM number, go

back to Step 2.

To decide the initial traveling route of RM in the
above Step3, we use the following algorithm based on
NNM.

3.2 Initial route selection algorithm
Step3-1: Decide workstations kj. (eS',j=1,2,...) where
the assist of RM is necessary per each injection pe-
riod under the given sequence. Allocate each RM
at random to k;. @t=1).

Step3-2: Let t=1t+1. After making each pair of RM and

k;, P;,j (b=1,2,...,B), generate every combination

C=1,2,..) (P} Py (y=1,2,.. ), %%, j#1).

(using SA)

m Generation of s Renovation of sequence
initial seq :

(using the goal :
chasing method) H

upper level

Convergence?
RM number,

onvergence?
(TS)

Fig. 6 Proposed solution method

EQ M (] [ ; assembly time of product models

Operation of RM

t-2 t-l t t+l
Station k

t2 -1 ot t+l
Station k

Fig. 7 Arising operation for RM after levering method
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Step3-3: Evaluate each C! on the basis of objective func-
tion value, and decide the assignment based on
the combination having the minimum value. Here,
when there exist multiple minima, decide one ac-
cording to the following priority.

3.3 Priority from the top to the bottom

(1) One with the smallest sum of RM’s travailing
time from #—1 to ¢.

(2) One whose the work start time of RM at ¢ is near-
esttot-CT.

(3) Arbitrary.

Step3-4: If t=T, stop. Otherwise, go back to Step3-2.

4. Numerical Experiments

Numerical experiments are taken place under the con-
ditions shown in Tables 1 and 2. We also give the parame-
ters about SA and TS in Table 3. And, the weighting factor
o in Eq. (1) is set at 0.9. Moreover, we evaluated the re-
sults on the basis of average over 100 data sets generated
randomly.

4.1 Effect of using RM

To examine the effectiveness of using RM regarding
the line stoppage time and the value of objective function,
we compared the results with those without RM. From
Table 4, the existence of RM is known to realize the ef-
ficient assembly line management, i.e. drastic decrease in

Table 1 Input parameter
Cycle time[min] 3
Station number 20
Product model(A~E) 5
Total production number 100
Part number 10
Part number used per workstation 0~2
Travelings time of RM per workstation[min] || 0.1

Table 2 Production number and assembly times

Product model A B C D E
Production rate in total number 01|02 |04 ] 02|01
Assembly time per workstation [min] {| 1 |1~6 [1~6 | 1~6| 6

Table 3 Parameters of SA and TS

Initial temperature 0.95
SA Annealing ratio 0.95
Number of search per every temperature | 100
Number of annealing 100
Number of search 100
TS Number of tabu-list 20
Number of neighborhood 10

Table 4 Effect of the existence of RM

With 4RM | Without RM

Objective function value, Eq.(1) 136.6 179.87
LST* by delayed work|min] 8.9 100.6

* ; line stoppage time.
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Table 5 Necessary RM number VS. total production number
and rate of product model E

Total product number [} 10 | 30 100
Rate* -] -1]01]102[03[04(05
Necessary RM number || 2 | 3 | 4 6 9 9 |11

*; Rate of model E in total production number.

500

450 ~-=; by random

(random generation method)

—— ; by goal chasing method

Total production number ; 100

Objective function value, Eq.(1)

70
= e e ; by random (random generation)
= | — ; by NNM
M oo
Py h..
2 Total production number ; 10
@ 55
> T e,
g | e .
2 sof L
8 |
= Y
&4 L
Q@
2 ;
8 40 H
2 :
B T LSRN
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30 N N R
0 20 40 60 80 100

Number of search

Fig. 9 Comparison of convergence between NNM and random
generation

Table 6 Comparison between proposed solution method and
total enumeration method

7000 8000 9000 10000

o 1000 2000 3000 4000 5000 6000

Number of search

Fig. 8 Comparison of convergence between two generating
methods for initial sequence

the line stoppage time, and pretty improvement in the ob-
jective function value. This means that introduction of RM
can realize leveling of the unbalanced workloads every in-
jection period.

Table 5 shows the changes in the necessary RM num-
ber according to the increases in total production numbers
and the product model E with the longest assembly time
among all models. As supposed a priori, the necessary RM
number also increases accordingly with the growth of the
total production number and the rate of model E as well.
However, each increasing rate is small compared with that
of its number or that of the rate of model E. From these re-
sults, we know that assigning appropriate numbers of RM
is effective and essential in dealing with the production
fluctuations.

4.2 Discussion of the proposed solution procedure

Figure 8 shows the convergence process when the
goal chasing method is used to generate the initial se-
quence. The horizontal axis expresses the number of
searches and the vertical axis the objective function value.
The goal chasing method has a rapid convergence com-
pared with random generation method that the initial se-
quence is generated at random. This is because a practical
solution can be obtained within the reasonable time since
the search process begins from a sequence (solution) that
has the minimum line stoppage against parts shortage.

To verify the effectiveness of the NNM algorithm in
deciding the initial traveling route of RM, we compared in
Fig. 9 the result with the case where the route is generated
at random (hereinafter, random generation). The NNM
algorithm outperforms the random generation about the

JSME International Journal

Product number
8 30 100
PM* | TE* | PM* | TE* | PM* | TE*
Objective function value, Eq.(1) || 24.9 | 20.8 | 644 - 1366 | -
CPU timejsec] 126 | 45190 | 1124 | - | 5302 | -
Necessary RM number 2 2 3 - 4 -

PM* ; Proposed solution method (Figure 6).
TE* ; Total enumeration method.

convergence speed. This is due to the fact that starting the
search process from a route having the shorter traveling
time can reach a near optimum solution more rapidly.

Moreover, in Table 6, we illustrate the computation
time (CPU time) and the objective function value about to-
tal enumeration method and the proposed solution method
(Fig. 6) that applies SA together with TS in a hierarchical
manner when the total production number increases. Re-
garding the CPU time, the case of the proposed solution
method is shorter than that of total enumeration method,
and the difference between each objective function value
is very small when the total production number is 8. From
the above results, we can confirm that the proposed so-
lution method gives us a near optimum solution when the
problem scale is small, and can expect that it obtains an ap-
proximate solution within the realistic computation time
compared with the case of the total enumeration method
when its scale is large.

5. Conclusion

In this paper, we have considered a sequencing prob-
lem of the mixed-model assembly line where the assem-
bly time differs greatly depending on the product-models.
After introducing RM as a key factor for the problem-
solving, we formulated this problem as a combinatorial
optimization problem minimizing the line stoppage time
and the idle time simultaneously through the leveling of
part usage and workload. Then we have proposed a prac-
tical solution method that uses the meta-heuristic methods
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in a hierarchical manner and can solve the real-life prob-
lems in a reasonable computation time. Through numer-
ical experiments, our approach is known to have a great
effect on reduction of the line stoppage time. Finally, we
emphasize another advantage of the proposed approach
such that the production changes due to the demand fluc-
tuations for example can be managed just by changing dy-
namically RM number.
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