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A NEW SLOPE INDEX FOR SOLVING NxM FLOW SHOP
SEQUENCING PROBLEMS WITH MINIMUM MAKESPAN

Summary

A flow shop sequencing problem is one of the classical problems in the production
scheduling. In a flow shop, a particular case of manufacturing process follows a fixed linear
structure. The purpose of this paper is to find the minimum total processing time (makespan)
of sequencing ‘n’ jobs on ‘m’ machines for a flow shop problem in a static workshop. The
proposed approach is based on the slope of each job on its journey from the first to the last
machine. This approach is compared with five well-known heuristics (Palmer, Gupta, CDS,
Dannenbring, Hundal) and one more recent technique that is based on the harmonic triangle.
The results obtained from this study for different sizes of ‘n’x’m’ flow shop sequencing
problems ranging from 4x4 to 50x20 indicate that the proposed approach is efficient with an
encouraging percentage of improvements compared with all other six heuristic techniques.
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1. Introduction

Fundamentally, the flow shop scheduling consists of a fixed linear structure of a particular
case of a job shop. The process involves establishing a step-by-step procedure to be adhered to
strictly and all job operations are to be performed in the exact order. Such scheduling is
important in designing the layout of a new and current industrial production facilities due to its
ability to reduce and eliminate wasteful idle machine time during operations[1].

Sequencing is a key in determining or selecting a particular order in which a limited
number of machines can complete different jobs in the shortest possible time and the least
expensive manner. Flow shop problems require sequencing of ‘n’ jobs by ‘m’ machines to
reduce the overall completion time, known as makespan, for all jobs. The savings in time and
production costs drive the search for improved sequencing in workshop scheduling, with the
goal being increased productivity. This paper proposes a new job sequencing technique for
the static flow shop problem based on the slope equation of each job on its journey from the
first to the last machine.

This paper is organized as follows: Section 2 provides a brief historical overview of six
job sequencing techniques and their associated equations. Section 3 presents a proposed
technique for reducing the makespan time. A numerical example of the proposed method is
presented in Section 4. Section 5 compares the proposed technique to other six alternative
techniques in a tabular form. Discussion and conclusions comprise Section 6.
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2. Six efficient heuristic procedures

Over the past several decades, issues relating to the flow shop scheduling and job
sequencing have generated extraordinary interest in operations research with a nearly
inexhaustible development of new methods and improvement of the old ones. Increased
automation in nearly every industry and nearly every facet of each organization’s operations
in a highly competitive global environment demands maximum optimization of all available
resources. The only constant resource in all scenarios is time. Thus, the demand for the most
efficient and effective way to optimize a project from beginning to end by applying advanced
scheduling and sequencing techniques is paramount importance.

Johnson [2] first studied the flow shop problem for ‘n’ jobs to be processed on two
machines. Completion of the job in its entirety represented the total completion time as an
objective function. Johnson’s solution, known as Johnson’s rule, states that job i precedes job
jin an optimal sequence if and only if min{til,tjz} < min{tiz,tjl}, where t is the time
interval that one machine has to devote to the job in order to complete it. The potential
complexity of the flow shop scheduling is evident when ‘m' is greater than 2 and the problem,
in this case, becomes non-deterministic polynomial-time hard (NP-hard).

Palmer [3] provided methods for reaching lower bounds, which the makespans must
exceed or equal. The Palmer heuristic calculates a slope index S; for each job and then
schedules the jobs in descending order given by these indices [4]. Formally, the slope index is:

Sy =XIM + 2j + Dy; fori=12,..,N (1)

where t;; is the processing time of job i on machine j.

Campbell, Dudek, and Smith [5], who developed the CDS heuristic, followed Johnson’s
algorithm. This heuristic involves solving M-1 two-machine problems by dividing M
machines into a set of two groups of the flow shop problem, then the authors applied
Johnson’s two-machine rule to find M-1 schedules in which the best schedule is selected. The
processing times Pl-'é of the i-th job on the g-th machine group for the k-th reduced problem,

g=1 or 2 and k=1,..., M-1, are:
PE =Ykt and PS5 =3%t;,, ;41 (2)

Gupta [6] designed a heuristic to solve a flow shop problem with a given number of ‘n’
jobs on a given number of ‘m’ machines where the workflow is unidirectional. Such a
scenario requires the technological order of all jobs and all machines be identical. Since the
numbering of machines is random, the machine numbers can reflect the end goal that the jobs
are processed first on machine 1, then passed on to machine 2, 3...., all the way to machine
‘m’ as the last machine in a consecutive manner [7]. Gupta assigned an index f; to each job i;
then sorted the jobs in ascending order given by these indices. He generalized the index as
follows:
A

R — 3
fl ming<mem—1(Eim+tim+1)’ ( )
1 if tim < t;
where A = m A
{_1 Otherwise

Dannenbring [8] introduced a Rapid Access (RA) heuristic method. Dannenbring
attempted to utilize the Campbell, Dudek, and Smith (CDS) heuristic methods and Palmer’s
slope index. Dannenbring constructed an artificial two-machine problem with the processing
times reflecting the same behaviors as Palmer’s slope index, then applied Johnson’s
algorithm. The constructed processing times were:
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Pil = Z;VI:l(M —_] + 1)tl] 5 PiZ = Z?il(])tl] for izl, 2,...,N (4)

The RA heuristic method was proposed to solve problems as quickly as possible. It
effectively resolves permutations of flow shop problems and the overall time of completion
(makespan). It only uses Johnson's rule to solve idle time for two auxiliary machines [9].

Hundal and Rajgopal [10] extended Palmer’s heuristic by computing two other sets of
slope indices. Consequently, two more schedules are produced, and the best one is selected.
The two sets of slope indices are:

S; =YL, (M=2)t; and S; =YL ,(M—-2j+2)t; fori=l,2,..,N (5)

Dhanasakkaravarthi and Krishnamoorthy [11] used a harmonic triangle that is similar to
Pascal’s triangle involving binomial coefficients. The harmonic triangle for the r;, entry in
the n;y, row is given mathematically by:

(r-1)! _ (r=-D!(n-r)!

H(n,r) = n(n-1)(n-2)..(n-r+1) n!

(6)

Dhanasakkaravarthi and Krishnamoorthy used the harmonic triangle form to solve
permutation flow shop sequencing problems by reducing ‘n’ jobs, ‘m’ machines to ‘n’ jobs,
‘2’ machines, then the optimum makespan can be determined using Johnson’s rule.

3. Illustrative example of the proposed flow shop sequencing technique

To illustrate the proposed heuristic technique for the static flow shop, the following
assumptions are made:

e There are ‘n” number of jobs (J) and ‘m’ number of machines (M).
e The order of sequence of operations of ‘n’ jobs on all ‘m’ machines is the same.
e The setup time is not considered for calculating the total processing time (makespan).

In Table 1, the data from Ajay and Rajan [12] are used and an eight-job and three-
machine problem is presented. Each cell in the table represents the processing time t;; of an
operation job i on machine m.

Table 1 A numerical example for 8-job and 3-machine problem

JWM Machine 1 Machine 2 Machine 3

Job 1 6 5 1
Job 2 3 9 5
Job 3 8 1 6
Job 4 4 6 3
Job 5 9 8 2
Job 6 3 2 4
Job 7 5 9 4
Job 8 2 8 9

Step #1: Due to the fluctuation of the processing time for job 1 from one machine to another,
calculate the slope of the trend line T; of the job i starting its journey from the first
machine to the last machine as follows:

tim—ti
T, = 2—= (7)

m-—1
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Step #2:

Step #3:

Sequencing Problems with Minimum Makespan

For example, the slope of the trend line T; of job 1, which starts on machine 1,
which requires a processing time of 6 minutes and ends in machine 3 with a
processing time of 1 minute, can be calculated as follows:

1-6
71 - 5:3::-2.5 (8)

Assign slope index S; of job 1 by dividing its trend T; by its total processing times in
‘m’ machines multiplied by 100 to clear the differences among the jobs. The slope
index S; can be calculated as follows:

5= () * 100 ©)

j=1tij

For example, the value of T; from the previous step is -2.5, and then the slope index
S; of job 1 can be calculated as follows:

S, = ( 25 ) * 100 = -20.83 (10)

6+5+1

Rank the jobs in descending order by their indices and calculate the total processing
time. The rationale of using descending order is to delay the execution of the jobs
that have low processing times on the production line and this correspondingly
reduces the total idle times of the machines.

Table 2 shows all results obtained for all jobs, while Figure 1 shows the trend lines of
the eight jobs. After ranking the job sequence in descending order the final job sequence
result is 8-2-6-7-4-3-5-1, and the makespan is 51. Figure 2 shows the flow of each job on each

machine.

Table 2 Results (slope of the trend lines and slope indices) of eight jobs

Jobs J1 J2 J3 J4 J5 J6 J7 J8

46

T; 2.5 1 -1 -0.5 -3.5 0.5 -0.5 3.5
S; -20.83 588 -6.67 -3.85 -1842 556 -2.78 1842
Rank 8 2 6 5 7 3 4 1
80
60
J8
40
20 Jé —J8
3 e 2
3 J6
£ o0 —J7
2 Wa i i
- 20 J3 =l

—J5
—J1
-40

-60

-80 -
Machines

Fig. 1 Trend lines of the original problem of eight jobs and three machines
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M1 [Job 8 Job 2| Jobs|  Job7 - Job3

Tob?2 Job 6 Iob?
I
Job § Job 2 | Job 6 Job 7 _
123456789101 1213141516 1718192021 2223242526 2728293031 3233343536 3TN 2344546474895 5

lime

Fig. 2 Flow of each job on each machine

4. Comparison of the proposed heuristic with six benchmark algorithms

To study the effectiveness of the proposed heuristic technique, the six algorithms
mentioned in Section 2 were compared with the proposed heuristic for minimum makespan.
For this purpose, ten flow shop problems were selected from the literature and reproduced in
Figure 3 (a-j). All ten problem sizes range from 4x4 to 50x10 to cover both small and large
cases. The benchmarks of Taillard [13] and Vallade et al. [14] provided the parameters for the
20x10, 20x20, and 50x10 problems. The results (job sequence and corresponding makespan)
obtained with the six benchmark methods are demonstrated in Figure 4.

Case 1 (4x4): Dhanasakkaravarthi (2019) Case 2 (5x5):Yunior (2017)

J\M M1 M2 M3 M4 AM M1 M2 M3 M4 M5
J1 4 3 7 8 J1 10 11 6 8 11
J2 3 7 2 5 J2 15 9 14 10 14
13 1. 2 4 7 13 12 11 9 10 6
J4 3 4 3 2 J4 8 4 8 9 12

J5 6 6 8 6 3
(a) (b)
Case 3 (5x6): Mostafa Khatami (2019) Case 4 (7x7): Vladimir (2010)

J\M M1 M2 M3 M4 M5 M6 AM M1 M2 M3 M4 M5 M6 M7
1 > 3 15 3 2 8 J1 3 2 4 5 1 3 5
J2 3 4 21 7 13 15 12 > > 8 ! 2 > 2

J3 7 8 1 6 8 4 8
13 9 | 12 [ 30 | 15 | 19 | 21 T 1 1 1 1 6 11 21 &1 a
J4 13 14 34 19 24 26 15 6 6 7 8 6 8 6
J5 15 16 37 24 28 35 16 9 7 9 4 7 1 3
17 4 9 1 3 4 2 2
(© (d)
Case 5 (8x3): lllustrative Example Case 6 (10x8): Ajay Kumar Agarwal (2013)
A\M M1 M2 M3 AM M1 M2 M3 M4 M5 M6 M7 M8
n 6 5 1 1 6 5 1 7 9 3 4 2
12 3 9 5 J2 3 9 5 7 2 5 6 1
e T T
14 4 6 3 J5 9 8 2 9 2 5 9 6
jz : 2 i J6 3 2 4 3 7 2 3 5
17 5 9 4 2 4 8 6 6
2 > 9 4 J8 2 8 9 1 6 3 4 8
18 2 8 9 19 1 4 6 2 5 4 3 9
J10 6 3 5 5 2 7 1 9
(e ®
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Case 7 (10x10): Dhanasakkaravarthi (2019)

A\M M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
J1 5 2 3 5 7 9 7 8 2 7
12 2 6 4 2 6 2 5 2 6 1
13 1 2 2 1 3 7 2 5 4 4
l4 7 5 6 3 2 3 2 4 2 2
J5 6 6 1 8 6 4 3 9 6 4
J6 3 7 5 2 2 1 5 3 2 6
17 7 2 4 6 5 5 1 2 5 2
18 5 1 7 1 7 3 6 6 2 2
19 7 8 6 9 1 8 2 1 6 6
J10 4 3 5 8 3 1 3 8 3 7

(2

Case 8 (20x10): Taillard (1993)
A\M M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

J1 74 28 89 60 54 92 9 4 25 15
12 21 3 52 88 66 11 8 18 15 84
13 58 27 56 26 12 54 88 25 91 8
14 4 61 13 58 57 97 72 28 49 30
15 21 34 7 76 70 57 27 95 56 95
16 28 76 32 98 82 53 22 51 10 79
17 58 64 32 29 99 65 50 84 62 9
18 83 87 98 47 84 77 2 18 70 91
19 31 54 46 79 16 51 49 6 76 76

J10 61 98 60 26 41 36 82 90 99 26
J11 94 76 23 19 23 53 93 69 58 42
J12 44 41 87 48 11 19 96 61 83 66

J13 97 70 7 95 68 54 43 57 84 70
J14 94 43 36 78 58 86 13 5 64 91
J15 66 42 26 77 30 40 60 75 74 67
J16 6 79 85 90 5 56 11 4 14 3
117 37 88 7 24 5 79 37 38 18 98
J18 22 15 34 10 39 74 91 28 48 4
J19 99 49 36 85 58 24 84 4 96 71
120 83 72 48 55 31 3 67 80 86 62
(h)

Case 9 (20x20): Taillard (1993)
M [M1|M2|M3|M4|M5|M6|M7[M8|M9|M10|M11|M12|M13|M14|M15[M16|M17 | M18|M19|M20
J1 501903934 |66 81|27 |48 |46 | 68 | 48 92 78 | 84 | 93 39 | 43 1 65 87
J2 78 |56 9 |43 |84 |73 |66|38|83( 57| 97 52 77 13 12 2 65 93 39 1
J3 36 |43 (1019|5548 |8 |70 (82| 39 | 91 82 85 17 6 54 | 87 85 4 72
J4 |85 (88 (60|98 | 4 |99 |53 |21 (33|53 63 18 | 45 29 | 43 41 80 4 31 19
J5 9 (92 (98|44 |51 | 8 |31|15(47( 31| 8 | 83 20 | 84 | 69 | 49 93 39 13 88
J6 |75 64|96 95|22 |41 |26 | 33|68 9 81 28 | 61 69 | 37 57 36 | 80 [ 96 74
J7 |46 94| 6 (1920|518 (92|43 | 75| 70 (70 [ 36 |31 |76 | 63 | 8 | 46 | 25 | 88
J8 | 73| 3 |56(73|180|8(36(98|90| 46 | 10 [ 46 | 65 [ 83 | 75 | 47 | 61 | 28 | 59 | 22
J9 | 71149 (36 (87| 8 |25(76 73|80 | 6 6 33 (79 [ 10 | 93 | 65 | 26 | 73 | 42 | 18
JIO0 | 7 |40 33|64 |5 (25|89 |95|58| 83 | 28| 35| 74 5 6 9 3 2 35 | 41
J11 (49149 (15|18 (65|55 1 |79 (10| 37 77 80 | 79 84 | 93 21 85 64 | 46 35
J12 [ 3 |53 (59| 7 65|58 |24 |55(|26]| 40 | 89 94 | 51 74 | 54 | 86 22 83 19 | 44
J13 |60 (88 | 15|26 |11 (16 |55|59 |81 |53 92|23 |55]| 79| 13 | 89 2 17 | 97 | 41
J14 |12 |47 (46 |17 |43 116|191 |94 |73 | 89 12 58 | 25 24 | 55 1 67 3 1 71
JI5 | 75119 (60 |87 |27 |48 | 72|88 |48 | 59 74 | 86 | 49 94 15 95 | 41 94 15 71
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Case 9 (20x20): Taillard (1993)
J16 |31 (61 |47 |32(34(69|32| 1|1 |8 |19 |57 |98 |37 |31 ]|51]|66]|38]|62]|72
J17 (70 | 78 (41| 9 (47 |94 |26 | 65|17 | 42 59 80 7 75 63 96 7 10 | 47 38
J18 |20 (78 |38 | 26 |64 [ 62 | 11|38 |68 | 37 | 74 9 65 | 16 [ 38 [ 85 [ 50 | 62 | 39 | 97
J19 |88 (3034|133 |21( 7 |94|10|73 |8 |8 | 62|99 |67 |61]| 10| 4 70 | 31 | 49
J20 |1 9 |41 22|34 |83 (55| 3 | 8 |75|(30 |57 |65|8 | 60| 9 |8 | 74| 17 2 19
(1)
Case 10 (50x10): Taillard (1993)

A\M M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

J1 46 61 51 37 79 83 22 27 24

J2 52 87 1 24 16 93 87 29 92 47

J3 79 51 58 21 42 68 38 99 75 39

J4 45 25 85 57 47 75 38 25 94 66

J5 97 73 33 69 94 37 86 98 18 41

J6 10 93 71 51 14 44 67 55 41 46

17 44 28 58 50 94 34 23 80 37 24

18 24 90 56 51 34 39 19 82 58 23

J9 85 94 64 21 72 76 97 33 56 68

J10 75 59 43 19 36 62 78 68 20 50

J11 66 64 48 63 88 74 66 47 2 93

J12 49 2 69 91 51 28 67 74 39 22

J13 95 16 96 11 41 78 7 26 91 64

J14 61 35 35 6 71 43 23 61 81 81

J15 19 53 82 31 94 98 67 95 33 94

J16 47 40 53 63 99 83 8 55 14 97

J17 84 81 64 36 11 91 77 11 88 54

J18 13 26 11 39 97 27 71 42 22 82

J19 11 85 61 57 44 6 85 72 36 11

J20 19 4 36 47 77 82 29 14 65 91

J21 98 4 53 56 69 60 49 8 79 23

122 2 10 87 65 91 44 3 98 23 32

123 85 63 88 59 38 43 94 90 66 26

124 44 96 10 4 25 76 76 36 5 22

J25 7 55 32 10 87 99 95 75 15 12

126 73 71 38 12 7 66 48 69 51 23

127 19 66 25 62 66 11 4 26 2 34

J28 69 94 24 43 54 35 37 24 81 87

J29 12 7 90 49 86 52 82 55 12 59

J30 73 15 7 54 49 8 57 98 40 2

J31 85 11 11 87 3 40 61 86 59 38

J32 23 99 49 29 48 62 6 30 32 84

J33 53 37 2 2 44 25 97 92 16 62

J34 16 50 76 18 93 24 5 94 87 10

135 88 56 17 75 37 30 27 66 78 11

136 8 69 32 39 82 1 95 47 41 93

137 26 22 39 77 31 73 46 3 43 57

138 42 56 9 69 59 27 92 41 94 81

J39 58 67 83 15 78 16 46 41 1 10

J40 63 63 69 78 33 91 52 47 93 40

141 96 67 68 36 33 8 89 22 62

142 2 74 28 37 3 11 11 28 93 49

J43 44 4 88 22 58 99 7 39 62 90

Jaa 38 42 23 41 10 2 54 80 53 34

J45 24 40 91 92 98 60 72 47 30 11
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Case 10 (50x10): Taillard (1993)
Jae 76 30 71 67 6 90 57 57 34 81
147 85 93 3 24 44 36 85 74 27 51
148 61 36 26 87 62 62 22 38 30 21
J49 32 25 41 91 24 15 87 59 54 39
J50 90 87 96 31 94 3 65 5 77 27

0

Fig. 3 Input data set for testing the efficiency of the proposed heuristic technique (a —j)

C?ieh;#) Method Seq e Makesp c?iel\ﬁl#) Method Sequence Makespan
Palmer Slop Index 3-1-2-4 30 Palmer Slop Index 8-2-6-4-7-3-1-5 52
Gupta's Heuristics 3-1-2-4 30 Gupta's Heuristics 6-8-2-7-5-4-3-1 55
) CDS 3-1-2-4 30 ) CDS 8-2-6-3-7-4-5-1 51
Axd Dannenbring 3-2-1-4 31 8x3 Dannenbring 6-8-2-7-5-3-4-1 52
Hundal 3-1-2-4 30 Hundal 8-2-7-6-3-4-5-1 51
Harmonic Triangle 3-2-1-4 31 Harmonic Triangle 8-2-7-5-4-1-6-3 59
This Paper 3-1-2-4 30 This Paper 8-2-6-7-4-3-5-1 51
Palmer Slop Index 4-2-1-5-3 90 Palmer Slop Index 9-3-4-6-10-8-7-5-1-2 92
Gupta's Heuristics 4-1-2-3-5 89 Gupta's Heuristics 4-6-9-7-10-8-3-5-2-1 96
CDS 4-1-2-3-5 89 CDS 9-4-6-10-3-7-5-1-8-2 93
5()2()5 Dannenbring 3-1-2-5-4 93 lésx) 3 Dannenbring 6-9-4-10-8-3-7-5-2-1 92
Hundal 1-2-3-4-5 89 Hundal 9-4-3-6-10-8-7-1-5-2 90
Harmonic Triangle 3-1-5-4-2 90 Harmonic Triangle 9-6-8-10-2-4-7-5-3-1 94
This Paper 3-4-1-2-5 89 This Paper 9-4-3-6-10-8-7-5-1-2 92
Palmer Slop Index 5-4-2-3-1 225 Palmer Slop Index 3-1-10-5-6-2-8-7-9-4 99
Gupta's Heuristics 1-2-3-4-5 229 Gupta's Heuristics 3-6-10-1-5-9-8-2-7-4 103
@) CDS 2-3-4-5-1 224 @) CDS 3-6-10-1-9-5-8-2-7-4 102
Sx6 Dannenbring 1-2-3-4-5 229 10x 10 Dannenbring 3-10-1-5-9-8-6-2-7-4 97
Hundal 2-1-5-3-4 214 Hundal 3-1-10-6-5-2-8-7-4-9 100
Harmonic Triangle 1-2-3-4-5 229 Harmonic Triangle 3-6-1-10-9-5-4-2-7-8 96
This Paper 2-1-5-3-4 214 This Paper 3-1-10-5-6-8-2-9-7-4 97
Palmer Slop Index 4-1-5-3-2-7-6 70 Palmer Slop Index 5-12-15-17-18-4-9-2-20-3-10-13-11-19-6-7-14-8-16-1 1790
Gupta's Heuristics 4-1-3-5-2-7-6 70 Gupta's Heuristics 2-8-17-12-5-9-6-4-15-19-13-10-7-11-3-18-20-14-16-1 2027
@) CDS 4-1-3-5-6-2-7 68 ®) CDS 2-17-18-5-9-15-12-20-4-6-7-13-19-10-14-8-11-3-1-16 1757
7x7 Dannenbring 4-1-3-5-6-2-7 68 20x 10 Dannenbring 18-2-17-5-3-4-9-12-15-20-10-13-8-19-14-11-7-6-1-11 1771
Hundal 4-5-3-1-2-7-6 69 Hundal 5-12-18-17-15-4-2-9-3-20-10-11-6-13-7-19-14-8-16-1 1741
Harmonic Triangle 1-7-3-5-6-2-4 78 Harmonic Triangle 16-2-6-4-17-5-9-8-13-20-14-10-19-12-11-15-7-1-3-18 2016
This Paper 4-1-5-3-2-6-7 66 This Paper 5-12-18-15-17-4-9-2-3-20-10-13-19-11-7-6-14-8-1-16 1758
Palmer Slop Index 11-16-12-18-3-7-20-5-13-15-1-6-19-9-14-8-17-10-2-4 2466
Gupta's Heuristics 16-14-10-20-3-7-5-1-18-12-15-6-8-4-11-13-17-19-2-9 2555
© CDS 20-3-12-14-11-18-7-16-2-6-5-15-1-8-9-13-19-4-17-10 2493
2020 Dannenbring 16-20-18-12-11-18-5-3-19-7-6-1-15-8-2-9-17-14-4-10 2568
Hundal 11-12-16-18-7-3-5-20-15-1-6-13-19-9-14-8-17-2-10-4 2536
Harmonic Triangle 20-14-12-5-10-3-18-7-16-1-6-13-17-4-15-11-19-9-2-8 2580
This Paper 11-16-18-12-3-20-7-5-13-1-15-6-19-9-14-8-17-2-10-4 2492
Palmer Slop Index 20-38-18-36-15-14-33-43-42-2-44-29-4-49-31-25-37-34-22-16-3-46-28-30-6-12-32-13-41-40-7-10-8-11-1-47-19-26-17-9-23-21- 3461
24-35-45-48-27-5-39-50
e 33-22-42-27-29-20-25-32-18-49-14-41-43-37-11-6-28-16-4-38-36-15-46-40-9-23-50-3-5-8-7-21-35-10-48-12-1-17-19-45-13-34-
Gupta's Heuristics 47-2-31-30-26-24-44-39 3672
DS 18-20-37-33-25-30-49-22-44-42-31-38-29-36-12-7-14-43-2-16-34-15-4-41-28-3-23-13-40-46-8-9-5-35-17-47-32-26-11-6-10-19- 31
21-50-48-45-1-24-27-39
(10) ) 42-44-18-33-20-37-49-14-22-36-34-31-43-25-29-2-38-4-28-16-3-46-15-9-40-23-5-11-17-45-13-47-10-6-12-41-50-21-7-8-32-19-
50% 10 Dannenbring 35-26-1-30-48-24-39-27 3510
20-18-38-36-33-14-42-43-15-44-2-49-29-4-37-31-25-22-34-30-16-3-46-28-32-6-12-41-13-7-1-8-10-19-26-40-47-11-24-27-17-21-
Hundal 35-48-9-23-45-5-39-50 3469
Harmonic Triangle 27-29-22-25-18-41-36-24-19-45-32-6-37-39-16-15-1-11-33-20-8-42-3-10-46-47-38-9-28-17-2-50-14-40-5-4-43-23-26-13-44-34- 3856
35-49-7-48-31-21-12-30
. 20-18-33-42-36-38-14-43-15-44-2-49-29-4-31-25-37-22-34-16-3-46-28-6-30-12-13-32-41-40-7-11-10-8-47-1-17-9-19-26-23-21-5
This Paper 45-35-24-48-27-50-39 3415

Fig. 4 Comparative results between the proposed technique and six benchmark techniques

It is clear from the table presented in Figure 4 that the proposed technique is more
effective than the other heuristic techniques in all of the ten tested flow shop problems. Figure
4 shows the makespan for each of the ten problems for all six methods including the method
proposed in this study. Table 3 shows that the proposed technique gives a better result than
the harmonic triangle, Dannenbring, Palmer, Gupta, CDS, and Hundal methods by 90%, 80%,
70%, 70%, 60%, and 40%, respectively.
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Table 3 A comparison between the proposed method and six other methods

Number of Number of Number of
times when the times when the times when the
solution by the  solution by the  solution

Percentage of
proposed

Other methods . method when it
proposed proposed achieved by .
. . is better than
method is method is other methods
. other method
better equal is better
Palmer Slope Index 7 2 1 70.00%
Gupta's Heuristics 7 3 -—- 70.00%
CDS 6 3 1 60.00%
Dannenbring 8 2 - 80.00%
Hundal 4 4 2 40.00%
Harmonic Triangle 8 - 1 88.89%

As shown in Table 3, the proposed method has a better result in seven out of ten
problems compared to the Palmer Slope Index, in seven problems compared to Gupta’s, in six
problems compared to CDS, in eight problems compared to Dannenbring, in four problems
compared to Hundal, and in eight problems compared to the harmonic triangle. Table 4 shows
the percentage of improvement provided by the proposed method corresponding to the
problem size with respect to each of the other methods. Moreover, Table 4 indicates that the
average improvement of the proposed technique over the other six methods is notable. The
proposed technique has improved the results on average by 6.86%, 4.81%, 2.53%, 1.77%,
1.35%, and 0.74% over the harmonic triangle, Gupta, Dannenbring, Palmer, CDS, and
Hundal, respectively.

Table 4 Percentage of improvement achieved by proposed method compared to other methods

Problem size Palmer Gupta's Harmonic
Slope pta CDS  Dannenbring Hundal )

(NxM) Index Heuristics Triangle
4x4 0.00% 0.00% 0.00% 3.23% 0.00% 3.23%
5x5 1.11% 0.00% 0.00% 4.30% 0.00% 1.11%
5x6 4.89% 6.55% 4.46% 6.55% 0.00% 6.55%
7x7 5.71% 5.71% 2.94% 2.94% 4.35% 15.38%
8x3 1.92% 7.27% 0.00% 1.92% 0.00% 13.56%
10x 8 0.00% 0.00% 1.08% 0.00% -2.22% 2.13%
10x 10 2.02% 5.83% 4.90% 0.00% 3.00% -1.04%
20x 10 1.79% 13.27% -0.06% 0.73% -0.98% 12.80%
20x 20 -1.05% 2.47% 0.04% 2.96% 1.74% 3.41%
50x 10 1.35% 7.00% 0.18% 2.71% 1.56% 11.44%
im‘grvoevr;gneent 1.77% 481%  1.35% 2.53% 0.74% 6.86%

TRANSACTIONS OF FAMENA XLV-4 (2021) 51



R.M.S. Abdulaal, O.A. Bafail A New Slope Index for Solving NxM Flow Shop
Sequencing Problems with Minimum Makespan

5. Conclusion

The primary purpose of the paper was to develop and demonstrate a new heuristic
technique to solve ‘n’ jobs on ‘m’ machines for static flow shop sequencing problems with a
minimum makespan time as an objective function. The proposed technique assigns a slope
index to each job based on its trend journey from the first to the last machine. After that, the
indices are ranked in descending order to determine the job sequencing and corresponding
makespan time. The technique is simple and quick to produce one sequence at a time. Based
on ten tested flow shop problems with sizes ranging from 4x4 to 50x10, a comparative
analysis is made to find the effectiveness of the proposed technique with respect to the other
five well-known heuristics (Palmer, Gupta, CDS, Dannenbring, and Hundal) as well as a
recent one (harmonic triangle). The results showed that the proposed technique successfully
improved (on average) the makespan time over the other six heuristics. As an overall
observation, the proposed technique is more efficient than the harmonic triangle
methodology, while the Hundal technique is the closest competitor to the proposed technique.
In future work, examining the proposed technique on a job shop, or extending the proposed
technique to a dynamic job shop might be an area of study.
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