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This paper proposes scheduling algorithms using
metaheuristics for production processes in which
cranes can interfere with each other. There are many
production processes that involve cranes in manufac-
turing industry, such as in the steel industry, so a
general purpose algorithm for this problem can be of
practical use. The scheduling problem for this pro-
cess is very complicated and difficult to solve because
the cranes must avoid interfering with each other plus
each machine has its own operational constraints. Al-
though several algorithms have been proposed for a
specific problem or small-scale problem, general pur-
pose algorithms that can be solved in real time (about
30 minutes or less) in the company’s production plan-
ning work have not been developed for large-scale
problems. This paper develops some metaheuristic
algorithms to obtain suboptimal solutions in a short
time, and it confirms their effectiveness through com-
puter experiments.

Keywords: scheduling algorithm, production process,
metaheuristics, crane interference, combinational opti-
mization problem

1. Introduction

In recent years, the importance of scheduling systems
has increased in order to cope with the diversification of
products and short delivery times in the manufacturing in-
dustry. Scheduling problems in manufacturing are large,
and complex, and there are constraints. It is therefore
difficult to obtain the optimal solution within a practical
time. In order to deal with the problems, various schedul-
ing systems and ways of obtaining quasi-optimal solu-
tions have been developed, such as [1-3]. This schedul-
ing algorithm has been studied not only by universities but
also by industries [4—6]. However, methods of solving the
scheduling problem have not been proposed in the case of
production processes with the following characteristics,
although there are many in the manufacturing industry.

(a) Several machines are connected in multiple stages.
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Fig. 1. Crane interference.

(b) The work-in-process (WIP) is conveyed between the
machines by two or more overhead cranes.

Since it is necessary to avoid interference between
cranes in addition to taking the operational constraints of
each machine into consideration, it is difficult to obtain
the optimal solution to such scheduling problems in real
time. Several methods utilizing heuristics based on oper-
ational know-how or optimization theory have been stud-
ied.

For this scheduling problem, we propose a solution al-
gorithm combining metaheuristics and operation simula-
tion. In this paper, we describe previous research, our
target process, a solution algorithm, and the results of a
numerical experiment.

2. Previous Research

2.1. Scheduling Problem with Crane Interference

In a production process in which multiple cranes travel
on a single track, the cranes interfere with each other’s
movements (Fig. 1), but they must avoid such interfer-
ence. Still, by avoiding interference, delays in conveyance
occur, and these may cause delays in the production
schedule. To shorten the production time, a crane must be
selected so that interference is avoided. In this paper, the
product to be produced is referred to as the product, and
the product being manufactured in the production process
is referred to as the WIP.

Let us consider a case in which crane x is at position
A and crane y is at position C. If crane y is assigned to
convey WIP p from position A to position B and crane x
is assigned to convey WIP ¢ from position C to position D,
crane interference will occur while the cranes are moving
to their starting positions (Fig. 2). To avoid this, crane x’s
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Fig. 2. Crane assignment where interference occurs.
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Fig. 4. Crane assignment without interference.

starting time is delayed (Fig. 3). However, if crane x is
assigned to convey WIP p from position A to position B
and crane y is assigned to convey WIP g from position C
to position D, there will be no interference and no delay
(Fig. 4).

2.2. Previous Research

Several ways of solving problem have been proposed.
Imai et al. [7, 8] proposed a method using heuristics de-
pending on the target process. In this method, crane in-
terference is avoided according to the operation know-
how table in which the discussion results of actual op-
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erations are tabulated. If the production process is dif-
ferent, it is necessary to change the operation know-how
table. Therefore, the versatility of the solution is not high.
Honda et al. [9] proposed a method to obtain an exact so-
lution using the branch and bound method. This method
can obtain an exact, optimal solution. However, on the
other hand, there is a possibility that the solution will
take a long time, as the scale of the problem becomes
larger. Liu et al. [10] studied the refining scheduling
problem involving two or more overhead travelling cranes
with the non-collision constraint for handling material in
a steel plant. They formulated this scheduling problem as
a mixed integer programming model and developed the
heuristic algorithms to obtain near-optimal solutions. Xie
etal. [11] studied a scheduling problem involving enough
two-category machines scheduled by a single crane in a
batch annealing process in an iron and steel plant. They
viewed the problem as a two-stage flexible flow shop with
an additional transportation consideration and a proposed
heuristic algorithm. Kim et al. [12] formulated the prob-
lem of scheduling quay cranes in port container terminals
as mixed-integer programming. They proposed a branch
and bound method to obtain the optimal solution to the
quay cranes scheduling problem and a heuristic search al-
gorithm. Moccia et al. [13] formulated the above prob-
lem as a vehicle routing problem and developed a branch-
and-cut algorithm. Sammarra et al. [14] proposed a tabu
search heuristic for the quay crane scheduling problem.
Nguyen et al. [15] proposed a priority-based schedule
construction procedure to generate quay crane schedules.
Ng et al. [16] proposed a branch and bound algorithm to
optimally solve a yard crane scheduling problem. Bier-
wirth et al. [17] proposed a method for assigning a quay
crane used to load and unload containers onto a ship in
port. In order to avoid interference among multiple quay
cranes, they proposed a method in which container load-
ing or unloading is assigned to quay cranes so that they
move in a single direction. In this method, since the di-
rection of travel of the quay crane is limited, operational
efficiency may decrease. Many algorithms for solving
the scheduling problems of “quay cranes in a port con-
tainer terminal” have been proposed, but few algorithms
for solving production process problems involving “over-
head cranes in a production process” have been proposed.
The equipment and method of transporting are different
in a port container terminal and in a production process.
We [18] proposed a method combining an enumeration
tree search for crane assignment candidates and opera-
tion simulation. In this method, although it is possible
to obtain feasible solutions in a short time, it is difficult
to obtain a quasi-optimal solution with high accuracy, be-
cause the crane assignment depends on the assignment at
the initial stage of the enumeration tree (the schedule at
an early time), and it is not possible to search the entire
solution space. Based on the above-mentioned literature
survey results, only [18] is a prior study done on a solu-
tion algorithm for a production process with production
machinery and transport equipment as in this research.
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Fig. 5. Target process.

3. Target Process

The target process of this research is a production pro-
cess with two cranes (Fig. 5). It is common not to limit
the number of cranes to two. When there are two cranes,
it is only necessary for one crane to avoid the other. When
there three or more cranes, it is necessary to avoid inter-
ference with cranes on both sides. It is difficult to develop
general-purpose algorithms that realize this. Therefore,
algorithms for three or more cranes will be a future re-
search subject.

In this paper, the product is carried in from the left side
of Fig. 5, manufactured by some machines, and carried
out from the right side. This process is modelled based
on manufacturing processes that exist in many manufac-
turing industries, such as the steel industry.

3.1. Production Process

WIPs are manufactured through the following three
processes.

(a) In the first process, WIPs are manufactured with ma-
chine A.

(b) In the second process, WIPs are manufactured with
one or more machines, B; to B,,.

(c) In the third process, WIPs are manufactured with
machine C.

3.2. Cranes

WIPs are conveyed between machines by either of two
cranes. Both cranes can move from the left end to the
right end in Fig. 5. When interference occurs from the
positional relation of the cranes, the range of movement
of both cranes is limited, and it is necessary to avoid inter-
ference. The crane conveyance speed and lifting/hanging
time of each crane is fixed.

3.3. Objective Function and Constraints

The objective function is the minimization of the total
time from the carrying-in to carrying-out of all products.
The optimization problem considers the following eight
constraints:

(a) During the production process, WIPs are not divided
or integrated. Their weight does not increase or de-
crease.

(b) Each machine cannot manufacture more than two
WIPs at the same time.
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(c) The production machines, the production sequence
and the production time in each machine are given
for each product.

(d) WIPs are conveyed between machines with one of
the two cranes.

(e) The two cranes must keep their distance from each
other for safety.

(f) The operation starting time of the third process of
each product is given. Delay of the operation start-
ing time at the third process is avoided to the extent
possible.

(g) The carry-in time of the first product is the operation
starting time for the first process of that product.

(h) There is only one stock place in front of each ma-
chine. If the stock place of the next machine is full
at the time the manufacturing at the current machine
is completed, the WIP waits on the current machine
or crane until the stock place of the next machine is
available.

4. Formulation of the Problem

4.1. Notation

In order to formulate the problem, we use the following

notations:
t: current time

U : setof products
M : set of machines
N;: setof operations for product j € U
nj: the number of operations for product j
O;j: i-thoperation for product j (i=1,...,n;)
machine for operation O;;
OT;; :  operation time for O;;
ST;j: operation starting time of O;;
ET;;: operation completion time of O;;
by, :  position of machine m € M
a;j: position of OM;;
d : lifting or hanging time of crane
0 : minimum distance required for crane
collision avoidance
v: crane conveyance speed
Y: delay time generated by interference

CT(a,b): crane conveyance time from position a to
position b
|b—dl
T +2d+vy
o (with lifting and hanging)
CT(CLI?)— |b—a\

v
(without lifting and hanging)
Py : position of crane k at time ¢ (k = 1,2)

xf'}- . 0-1 integer variable which is defined by
m _ ) 1:0;jis operated at m
Y7\ 0: otherwise
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J1is12J2
m _ { 1:0,,;, is operated after O;, ;, at m

: 0—1 integer variable which is defined by

itjiizj2 7 1 0: otherwise
yi-‘j : 0-1 integer variable which is defined by
« _ J 1: crane k conveys WIP completed O;;
Yij 7\ 0: otherwise
: 0-1 integer variable which is defined by

1 : crane k conveys WIP completed O;; at ¢
0 : otherwise

ljl
k
Yl]t

G : sufficiently large value

4.2. Formulation

The scheduling problem based on Section 3.3 is formu-
lated as follows:

<Objective function>
Minimize Y (ET,; j—STi;) . . . . . . . (1)
jeu
< Constraints>
Z xjj=1foreachO;;, . . . . . . . . . (2
meM
Z i =X foreachmand Oy 5, . . . (3)
Z {iiyj, =Xy, foreachmand Oy, . . . (4)
STy j, 2 ETiy jy + 1-6(1 _th?h lzjz)
when xj{; =}, =1 foreachm, 0, and O;,,,
- (5)
STIl]l > ETsz +1-G ll:ljl 22
when x}|; =x], =1 foreachm, 0, and O;,;,,
. (6)
ET; > ST;j+ OT;;, foreach O;;, . . . . . . (7)
ST,‘.;,.]_’j Z ET,‘j+CT(a,-j,a,-+17j) for each Oij
a @
where CT (a;j,aiy1,j) = ‘ it ”’ +2d+7,
. (8)
Zyi-‘jzlforeachOij, B )
k
ZYut <1 for each k and ¢, (10)
STI'+1,J'+d 1
gy, i = STty 24 = ET, (11)
—ET;;
-1-G(1 —yi-‘j) for each k and Oy},
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Table 1. Description of objective function and constraints.

No. | Description

1) Minimization of the total production time from start-
ing time to the completion time of all products.

2) There is only one machine for each operation.

3) There is only one preceding operation on each ma-
chine. That is, WIPs are not divided.

“) There is only one subsequent operation on each ma-
chine. That is, WIPs are not integrated.

5) The relationship between the completion time of cur-

©6) rent operation and the starting time of subsequent op-

eration at the same machine.

@) The relationship between operation starting time and
completion time of WIP at each machine.

®) The relationship between the operation starting time
at the next machine and the completion time at the
current machine of WIP.

©) There is only one crane for each conveyance.

(10) | The crane cannot carry more than two WIPs at a time.

(11) | The crane which conveys WIP is occupied from the
starting time to the completion time of conveyance.
(12) | Each WIP is operated at the installation place of the
operation execution machine.

(13) | The relationship between the crane conveyance start-
ing times, the crane conveyance starts position and the
operation completion time.

(14) | The relationship between the crane conveyance com-
pletion times, the crane conveyance completion posi-
tion and the operation starting time.

(15) | The range of the crane conveyance per unit time.

(16) | The distance between two cranes is 6 or more.

ajj = Z bux;; for each O;j, . (12)
meM

Py = a;j for k satisfying yfj =1 (13)
att = ET;;, for each O;;, '

Py = a1, for k satisfying yfj =1 (14)
att = ST, j, foreach O;;,

Py +V > Py > Py — Vv foreach k and ¢, (15)

Pey1s > Py + 6, . (16)

P > 0forevery k and ¢. (17)

Table 1 is a description of objective function and con-
straints.

5. Solution Algorithm

As described in Section 3, the production machines, the
production sequence, and the production time for each

Int. J. of Automation Technology Vol.12 No.3, 2018



machine are given, and the cranes are selectable in this
problem. Therefore, the cranes are operated to minimize
the total production time, from starting time to comple-
tion time, of all products. One crane carrying the WIP is
chosen between two cranes, with the following aims.

(a) Crane operation that minimizes conveyance dis-
tance.

(b) Crane operation that minimizes operation delay due
to machine conflict.

(c) Crane operation that minimizes operation delay due
to crane interference avoidance.

5.1. Outline of Solution Algorithm

The proposed algorithm consists of two stages. The
first stage is backward scheduling and the second stage
is forward scheduling. In the backward scheduling, the
time and the process are traced back from the operation
starting time of the third step machine, and the operation
starting and completion times of each machine are provi-
sionally determined. At this stage, machine conflicts are
avoided while crane interference and crane conflicts are
not avoided. In forward scheduling, the crane operation
and the operation starting and completion time of each
machine are determined from the first step machine in the
order of the provisionally determined operation starting
time in backward scheduling to minimize the objective
function value in Eq. (1). At this stage, machine conflicts,
crane interference, and crane conflicts are avoided.

5.2. Algorithm for Backward Scheduling

Step 1: Initial setting
Set a set of products (= U).

Step 2: Backward scheduling

The product is taken out from U in order of operation
starting time of the third step machine later. The latest
operation starting time (LS7;;) and the latest operation
completion time (LET;;) are provisionally calculated by
Egs. (18) and (19) while tracing back from the third step
machine.

LST;; = LET;;—OT;; . . . . . . . . . (18)
LET;j = LST; 11 j —CT (aj,ai+1) . . . . . (19)

When a machine conflict occurs, the operation starting
and completion times are moved forward so that the ma-
chine conflict can be avoided. The moved operations are
added to the competitive set (= T'). Even if crane interfer-
ence or conflict occurs, it is not taken into consideration.
This product is removed from U.

Step 3: Terminal condition of backward scheduling
If U becomes an empty set, go to Step 4. Otherwise,
return to Step 2.

Step 4: Improvement of backward solution
If T is not an empty set, the scheduling result is im-
proved using a simple local search.
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Fig. 6. Avoidance of crane interference.

5.3. Algorithm for Forward Scheduling

As described above, in forward scheduling, the crane
operation and the operation starting and completion time
of each machine are determined from the first step ma-
chine in the order of the provisionally determined oper-
ation starting time in backward scheduling to minimize
the objective function value in Eq. (1). At this stage, the
machine conflicts, crane interferences, and crane conflicts
are avoided. When crane interference or machine conflict
occurs, the starting and completion times of the crane and
the machine are moved backward to avoid it (Fig. 6).

After the crane operation is determined, the operation
starting and completion times of each machine are calcu-
lated using Eqgs. (20) and (21).

RSTj = ETi_1 j+CT(ai-1,a;) . . . . . . (20)
RET;; =ST;;+O0T; . . . . . . . ... (2D

Therefore, the decision variable in the forward simu-
lation is the assignment of crane 1 or crane 2 to crane
conveyance. Let Z be for the crane assignment vector.
The elements of Z are denoted as z,z2,...,2,. r is the
number of crane conveyances. The elements of Z are or-
dered in ascending order of the crane conveyance starting
time (Fig. 7). In forward simulation, initial Z is generated
at random or by Diversification Generator (DG), it is im-
proved and updated by metaheuristics, the starting time
and completion time of each machine and crane are deter-
mined by operation simulation, and the objective function
value in Eq. (1) is obtained by the operation simulation
(Fig. 8).
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Fig. 8. Outline of forward simulation.

5.3.1. Algorithm for Generating Initial Individuals
with DG

When using the genetic algorithm (GA) in metaheuris-
tics, multiple initial solutions, i.e., the number of individu-
als, are required. The initial individuals of these solutions
are generated randomly or by using DG. DG is a method
of sequentially generating a new solution so that the Ham-
ming distance becomes the maximum with respect to the
basic solution [19]. The randomly generated initial indi-
viduals may not be uniformly generated and may be un-
evenly generated in the solution space. If the search starts
from the initial individuals that are not evenly distributed
in the solution space, there is a possibility that the solution
space cannot be searched widely. By assigning crane con-
veyance to initial individuals using DG, we start searching
from diversified initial individuals, and there is a possibil-
ity that the entire solution space can be searched widely.
The algorithm of DG is shown below.

Step 1: Set initial value
Set L for the number of individuals and r for the number
of crane conveyances. g = 2.
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Step 2: Initialize Z
Initialize all elements of Z with 1, meaning crane 1 is
assigned.

Step 3: Generate Z’
Let h = g and generate z, which is an element of Z’,
using Eq. (22).

r
le+hk:3_Z1+hk(fork:07”‘vﬁ) e e (22)

Step 4: Generate 1-2 invert Z” of Z’
Generate 1-2 invert z; of z; using Eq. (23). z/ is an
element of Z".

7 =3-7 . (23

Step 5: Generate right rotation shift Z"” of Z’
When i > 3, generate z/” by u-right rotation shifting to
Z (foru=1,2,...,h—1).

Step 6: Generate left rotation shift Z"” of Z”

When h > 3, generate z/” by u-left rotation shifting to
2 (foru=1,2,....h—1).

Step 7: End judgment of generating initial individuals
When Z is generated for L, it terminates. Otherwise, set
q = q+ 1 and return to Step 3.

5.3.2. Algorithm of Metaheuristics

In this research, we use GA and iterative local search
(ILS) [20]. These algorithms are as follows. In the algo-
rithms described below, Z represents a set of LZ’s.

<GA>
Step 1: Generate initial Z

Generate initial Z randomly or by using DG. Let these
Z be parent Z.

Step 2: Operation simulation

Perform operation simulation for each initial Z. The
operation starting and completion times of each machine
and crane are determined. Calculate the objective func-
tion value.

Step 3: Generate new Z

A new Z is generated by a two-point crossover method
from the parent Z. Mutate with a certain probability for
elements (crane assignments) of the new Z.

Step 4: Operation simulation
Perform the same operation simulation in Step 2 for
each new Z generated in Step 3.

Step 5: Update Z

Select Z with small objective function values as the
next generation parent individuals from the 2Z which is
the sum of the parent Z and the new Z.

Step 6: End judgement

When it repeats a pre-set number of times, it terminates.
Let Z with the smallest objective function value be the
solution. Otherwise, return to Step 3.

<ILS>
ILS is a search method that iterates a simple local
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search on a good solution obtained by a previous search
plus random deformation. The algorithm of ILS is shown
below.

Step 1: Generate initial Z

Obtain local optimal solution Z, as a result of a simple
local search for the randomly determined initial solution.
Set Zgeeq = Z, w = 1. In the local search, the operation
simulation is performed to calculate the objective function
value. This also applies to the following local search.

Step 2: Local search

Choose a solution randomly from the N*)(Z,.4) and
let the chosen solution be Z'. N")(Z,,.4) is the neighbor-
hood Zj,.4 of size w. Obtain local optimal solution Z, as
a result of a simple local search for Z'.

Step 3: Update Z

If f(Z) < f(Zseea), perform (a) with probability 1. If
F(Z) > f(Zseea), perform (a) with the transition probabil-
ity (Eq. (24)). f(Z) is the objective function value of Z.
Otherwise, perform (b).

. . _ SO Zseed)
transition probability = e 7

(¢ is a parameter) (24)

(a) Set Zgoey =Z,w=1.
(b) w=min(w+ 1, wnax)-

Step 4: End judgment

If the termination condition is satisfied, it terminates.
Let Z with the smallest objective function value be the
solution. Otherwise, return to Step 2.

5.3.3. Operation Simulation

The important point of this algorithm is the avoidance
of crane interference. First, we describe how the proposed
algorithm can avoid crane interference. After that, we de-
scribe the operation simulation algorithm.

< Additional notation>
V : A setof operation in which a delay occurs in

the operation time provisionally-determined
by backward simulation.

s;j + Crane conveyance starting time after O;;

ejj . Crane conveyance completion time before

O;j

8j; erane conveyance starting time after O;; af-
ter avoiding crane interference

e;;+  Crane conveyance completion time before
O;; after avoiding crane interference

a;-*j :  Crane conveyance starting position after O;;

after avoiding crane interference
gj: Delay time caused by operation conflict at

RST;j: Starting time of O;; after updating delay
time

RET;; : Completion time of O;; after updating delay
time

< Avoidance of crane interference>
To simplify the discussion, we assume the following.
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Fig. 9. Avoidance of crane interference (crane pauses).
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Position

Fig. 10. Avoidance of crane interference (crane moves).

(a) Crane 1 conveys from a;; to a;11, ;. Crane 2 conveys
from a,u, 10 Ay 1 5.

(b) The conveyance of crane 1 is determined. The con-
veyance of crane 2 to avoid interference with the
crane 1 is considered.

(c) Crane interference is avoided before the conveyance
starting time of the crane.

There are two cases depending on the position and
movement of the crane to avoid interference of the crane.

Case 1: Pause the crane at its position (Fig. 9)

When Eq. (25) is satisfied, crane interference with the
conveyance range of crane 1 is avoided at the conveyance
starting position a,,, of crane 2. Therefore, crane inter-
ference is avoided by pausing the conveyance of crane 2
until time s}, in Eq. (26) and shifting its starting time
backward.

anga,-+17j—|—5. N (25 )
mn_<ai+1,j+6)

a
S:(nnzeiJr],j-f—d— . .. .. (206)

Case 2: Moving the crane (Fig. 10)

When Eq. (27) is satisfied, crane interference with the
conveyance range of crane 1 occurs at the conveyance
starting position a,,, of crane 2. Therefore, crane inter-
ference is avoided by moving crane 2 to aj,, in Eq. (27)

303



Tanizaki, T., Katagiri, H., and René, A. O. N.

and shifting its starting time to s, in Eq. (28).

amn<a,‘+1_’j+5 N (20))

a;m:a,ur]_,j—}—S o (22}

Sip=eiptjd+2mAm g (29)
' v

The algorithm of operation simulation is shown below.

Step 1: Set initial value
N Pick one Z that has not decided the crane schedule from
Z.Setg=1.

Step 2: Crane conveyance calculation

Calculate the start and completion of the crane con-
veyance for crane assignment z,. Check whether there is
interference with the other crane within the conveyance
range of z,. When the crane interferes, avoid it at
Eqgs. (25)—(29).

Step 3: Update the starting and completion time after the
crane conveyance

Calculate the operation starting and completion time of
the machine after z, in Egs. (20) and (21). If a delay oc-
curs in the operation time of the next machine, update the
delay time below. Otherwise, go to Step 4. Furthermore,
if the delay propagates to the subsequent machine for the
product concerned, the delay time is updated for the sub-
sequent machines as well. If the delay spreads to other
products, the delays are updated in the same way for those
products.

Step 3.1:

Store this operation of the machine in set V.

Step 3.2:

Pick one operation from V in earlier order operation
completion time. If there is a next machine, calculate
the operation starting and completion time in Egs. (30)
and (31).

RSTi1;=RET; . . . . . . . . ... (30)
RET 1 j=RST; 11 ;+O0T 1 j+€+1; - . . (3D
Step 3.3:

If RET; 1 ; > ET;4, j, store the operation of the ma-
chine in set V. If there is a delay in the next operation
in the same machine, store the next operation V.

Step 3.4:

If V becomes an empty set, go to Step 4. Otherwise,

return to Step 3.2.

Step 4: Check for the next crane conveyance in Z
Set g =g+ 1. If g <= r return to Step 2. Otherwise
calculate objective function value in Eq. (32).

Objective function value = Y (RET,, ;—STi;) (32)
jeu
Step 5: Check for the next Z

If there is Z that has not decided the crane assignment
in Z, return to Step 1.
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Table 2. Operation time and machine position.

Machine A Bl B2 B3 B4 B5 C
Operate time | 28 | 20 | 16 | 21 | 30 15 20
Position 20 | 35 | 55 | 80 | 120 | 150 | 220

6. Computer Experiments and Discussion

We solved the same scheduling problems using the pro-
posed method (GA, GA + DG, ILS) and the method pro-
posed in [18] (PR), and we compared the objective func-
tion values in Eq. (1) and the solving time. PR is a method
combining an enumeration tree search of crane assign-
ment candidates and operation simulation.

6.1. Computer Experiment Conditions

Table 2 shows operation time and machine position
from the left side in Fig. 5. The number of machines B,
is set to 5. Many machines are installed on the left side in
Fig. 5 because there are few factory layouts in the manu-
facturing industry with machines installed evenly. Table 3
shows experimental data sets. The number of individuals
is set to 512 due to the capacity limit of our computer.
The number of generations is set to 100 times because
experiments have shown that the objective function value
is usually not updated. In the experimental results of the
previous study, if the delivery time interval was shorter
than 25, crane interference occurred frequently, and man-
ufacturing became impossible. For this reason, the deliv-
ery time interval is set to 25, which is the most severe.
There are 10 experiments for each manufacturing pattern.
The number of iterations in ILS is set to 300. In prelim-
inary experiments, the time required for one generation
change of GA was shown to be about three times the time
required for one iteration of ILS. Table 4 shows the man-
ufacturing pattern. In actual manufacturing, it exists in
countless numbers. Therefore, we classified the charac-
teristics of actual operation and categorized the manufac-
turing pattern into 13 patterns. Its characteristics are “all
jobs with the same work machines are continuous,” “jobs
with different work machines alternate,” “jobs with a dif-
ferent number of work machines alternate or are continu-
ous,” etc.

6.2. Results of Computer Experiments

Table 5 shows computer experiment results using an
Intel core i3 level CPU. The objective function value
(Best) and the objective function value (Average) are the
best value and the average value of 10 experiments, re-
spectively. The calculation time is the average value of 10
experiments. Lower limit is the sum of operation times for
each machine and crane conveyance times for each crane
without machine conflicts or crane interference.

The following were confirmed through computer ex-
periments.

Int. J. of Automation Technology Vol.12 No.3, 2018
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Table 3. Experimental data setting.

Individuals | Generation | Products | Interval | Simulation | Iterations in ILS
512 100 20 25 10 300
Table 4. Manufacturing pattern. Table 5. Computer experiment results.
Pattern Production sequence Characteristic Objective function value (Best) Lower
1 A—B,—B,—B,—~C All the same machine Pattern GA GA+DG ILS PR limit
A—B;—B, or B;—B, or Bs—~C | Machine of B, and B3, B, and B; is 1 2710.2 2707.0 2716.0 2700.0 2700.0
2 2| 2646.8 | 26458 | 26413 | 2952.0 2600.0
unevenly processed 3| 26660 | 26655 | 26655 | 3030.0 2600.0
3 A—B,>BmB,~C Machines of B, and By, By and By is 4] 26700 | 26703 | 26740 | 29935 2658.0
A7B, 2B, 7B C alternatively processed 5| 26780 | 26780 | 26785| 3019.3 2658.0
A7BB,mBC Operation allowance in the first half 6] 26387 | 26387 2638.7[ 30015 2610.0
4 A—B,—B;—Bs—C of the production 7] 26250 | 2625.0 [ 2625.0 [ 3080.8 2600.0
A—B;—B,~B;—~C 8] 30523 [ 30518 30505| 33885 2610.0
5 A—B, or B, or B;—B,—~Bs;—C Machine of By, B, and B; is 9| 32783 3276.8 3253.5 3694.5 2600.0
unevenly processed 10| 27655 | 2766.0 | 27655 | 3172.8 2610.0
. A—B,—B,—B,—B,—C The first half products are 11] 26453 | 26453 | 26453 | 3175.0 2600.0
A—B, B, C manufactuireded in 6 machines 12] 26222 | 26222 26212 2869.3 2610.0
ATB, B, BB ¢ The second half products are 13 26000 26000 26000[ 2887.8 2600.0
7 ASB. B C anufactuired in 4 machines Objective function value (Average)
s At L L Pattern GA GA+DG ILS PR
8 A—B,—B,~C The first half products are 1] 27127 27089 27266 2702.0
A—B,—B,—B;—B,—~C manufactuired in 4 machines 2 2649.1 2649.0 2645.6 2087.3
9 A—B,—Bs—C The second half products are 3 2666.8 2666.3 2666.3 3099.6
A—B,—B,—B;—B,—~C manufactuireded in 6 machines 4] 26721 2671.4 2677.2 3010.1
o A—B,—B,B;—B,~C 5 2679.0 | 2680.4 | 2681.7 | 30205
A—B,—B,—~C The number of machine is 6] 26414 | 26425| 26437| 30075
A B, B, oB, B, C PRV 7] 26303 | 26312 26343 | 3093.0
11 AR B 8| 32467 [ 32282 | 33604 | 33934
L ol 33223 [ 33242[ 33732] 37062
A—B,—B,—~C
12 o 10| 2766.6 | 27672 | 27655 | 3207.3
A—B,>B, By >B,—C The number of machine is 11] 26453 | 26453 | 26453 | 32067
13 A—B—B;—C 42644 12| 26239 | 26245| 26214 | 28924
A—B,—B,—B,—B,—~C 13] 26000 | 2600.0 [ 26000 [ 2972.8
Calculation time(second)
Pattern GA GA+DG ILS PR
1 766.1 660.4 7291 415
. A 2] 794.9 805.2 969.7 56.3
(a) The mthod using meta.heu.rlstlcs (GA or GA+DG s 7728 7812 1322 576
or ILS) improves the objective function value (Best) 4 7110 713.2 671.1 516
by 10% to 17% except pattern 1, as compared with 5| 6982 697.2 5537 51.9
. 6]  750.9 652.8 625.1 54.7
the .method using PR. These values exceed the lower T 7047 636 1 5616 549
limit by no more than 6%, except for patterns 8 and 8| 8644 7780 10216 56.5
9. 9] 7925 713.9 834.3 57.4
10|  766.3 684.6 | 1292.1 56.1
(b) The method using metaheuristics (GA or GA+DG or 1] 626.9 5664 | 7103 96.5
ILS) i the obiective functi lue (A 12 7176 6558 | 1123.9 54.6
) improves the objective function value ( Verage) 13 585.2 530.6 719.2 56.0
by 5% to 17% except pattern 1, as compared with
the method using PR. These values exceed the lower
limit by no more than 6% except for patterns 8 and . . . .
9 (e) The calculation time of the method using ILS is

(©

(d)

The calculation time of the method using a meta-
heuristics (GA or GA+4DG or ILS) is 10 to 23 times
as long as that of the method using PR.

The best objective function value (Best) among these
three metaheuristics is obtained mostly from the
method using ILS, and it is 10 patterns out of 13
patterns. On the other hand, there is no difference
among the three metaheuristics for the best objec-
tive function value (Average). The objective func-
tion values of the method using GA and GA + DG
are almost equal for both Best and Average.

Int. J. of Automation Technology Vol.12 No.3, 2018

shorter than that of the method using GA (GA, GA +
DG) in Patterns 3 to 7. Other than the above, the cal-
culation time of the method using GA is shorter than
that of the solution method using ILS. The calcula-
tion time of the solution using GA + DG is shorter
than that of the solution using GA, except for pat-
terns 2 to 4.

When there are 20 products, the candidates of crane as-
signment are the 80th power of 2, which is a very large op-
timization problem. The method using PR can be solved
in a short calculation time, within 60 seconds, but it can-

not sufficiently search the above solution space.

As a
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result of improving the above problem using the meta-
heuristics, the method using GA, GA + DG, or ILS can
obtain a better solution. The calculation time is about
10 to 20 minutes, and it is considered that it can be ap-
plied to real problems. Among the three metaheuristics,
the method using ILS often gives the best objective func-
tion value. However, it may take more calculation time
than do the other two methods. It seems to be because
it is searching more intensively around the good solution.
The objective function values of the method using GA and
GA + DG are almost equivalent. On the other hand, there
are many cases where the calculation time of the method
using GA + DG is short. The reason for this is considered
to be that the calculation time of operation simulation is
shortened because good solutions with little occurrence
of crane interference are found in a few search iteration
times from a variety of initial solutions of the method us-
ing GA + DG.

When designing a method using metaheuristics, it is
important to balance the diversification and intensification
of solution search [20]. In the future, we will introduce
an index on the entropy of the solution and research an
algorithm that balances intensive search around good so-
Iutions and searches without bias in the solution space.

7. Conclusion

We have proposed a scheduling algorithm using meta-
heuristics for production process with crane interference.
As a result of comparing several metaheuristics, we con-
firmed that both searching for diverse solutions and in-
tensively searching around the good solution are effective
for finding suboptimal solutions. In the future, we plan
to research a solution algorithm to realize intensification
and diversification of search. More generally, we plan to
develop algorithms for production processes with three or
more cranes.
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