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Abstract The n-job, m-machine job shop scheduling
(JSS) problem is one of the general production scheduling
problems. Many existing heuristics give solutions for small
size problems with near optimal solutions. This paper deals
with the criterion of makespan minimization for the job
shop scheduling of different size problems. The proposed
computational method of artificial immune system algo-
rithm (AIS) is used for finding optimal makespan values of
different size problems. The artificial immune system
algorithm is tested with 130 benchmark problems [10
(ORB1-ORB5 & ARZS5-ARZ9), 40 (LAO01-LA40) and 80
(TAO1-TA80)]. The results show that the AIS algorithm is
an efficient and effective algorithm which gives better
results than the Tabu search shifting bottleneck procedure
(TSSB) as well as the best solution of shifting bottleneck
procedure ( SB-GLS1 ) of Balas and Vazacopoulos.

Keywords Affinity mutation - Artificial immune system -
Clonal selection - Job shop scheduling

Notations used

AlS Best solution of AIS algorithm

m Number of machines

MRE Mean relative error in percent for a set of
problems

n Number of jobs

Opt (LB UB) The optimal value of known best lower

and Upper bound, from OR-Library
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REsB-GLs!1 Percent relative error by SB-GLS1

RETssB Percent relative error by TSSB

REais Percent relative error by AIS

RE Relative error in percent

SB-GLSI1 Best solution of SB-GLS1 procedure of
Balas and Vazacopoulos

TSSB Best solution of TSSB

Tav Average computing time in seconds

1 Introduction

A schedule is an allocation of the tasks to time intervals on
the machines and the aim is to find a schedule that
minimizes the overall completion time, which is called the
makespan. In the job shop scheduling problem n jobs have
to be processed on m different machines. Each job consists
of a sequence of tasks that have to be processed during an
uninterrupted time period of a fixed length on a given
machine. So the maximum of completion times needed for
processing all jobs, subject to the constraints that each job
has a specified processing order through the machines and
that each machine can process at most one job at a time.

Bruker [1] and Garey [2] show that the job shop sched-
uling is an NP-hard combinatorial problem. Because of the
NP-hard characteristics of job shop scheduling, it is usually
very hard to find its optimal solution, and an optimal
solution in the mathematical sense is not always necessary
in practice [3]. Researchers turned to search its near-
optimal solutions with all kinds of heuristic algorithms [4].
Fortunately, the searched near optimal solutions usually
meet requirements of practical problems very well.

Carlier and Pison [5], Bruker [6] managed to generate
optimal schedules using an algorithm and branch and
bound approach, but only for small size problems. There-
fore the effort has been directed by Blazewicz [7] to the
development of efficient local search based heuristics to
solve practical size problems.

Tabu search with bottleneck procedure (TSSB) was used
to test the job shop scheduling benchmark problem instances
[8] in the past work. The outcome of that TSSB procedure
was compared with literature results [9]. It gave an op-



Fig. 1 Flow chart of artificial
immune system algorithm for
job shop scheduling
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timum bound value for a moderate number of problems and
with considerable amount of relative error. In this work an
attempt is made to produce an optimum bound value for the
maximum number of problems and to minimize the mean
relative error with this new AIS algorithm.

The AIS algorithm is already used in different applica-
tions namely computer and network security [10, 11], fault
and anomaly detection [12, 13], optimization [14, 15], data
analysis and data mining [16, 17] and flow shop scheduling
where AIS produced better results.

Many authors have been trying to bring out the utility
and advantages of heuristics and other evolutionary al-
gorithms. It is proposed to use new evolutionary concept
viz. the artificial immune system for solving job shop
scheduling problems.

> Cloning and Mutation

|

| Receptor editing process |

|

| New Sequence for next iteration |

1.1 Job shop scheduling problem

Normally, the entire job shop scheduling problem consists
of two types of constraints: sequence constraint and
resource constraint [18]. The first type states that two
operations of a job cannot be processed at the same time.
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Fig. 2 Feasible schedule
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Table 1 Operational sequences for each job

8 12 9 4 13 2 14 1
13 2 12 10 7 4 3 5
2 10 1 4 6 9 5
14 11 7 3 15 8 5 12
2 5 15 7 6 4 3
6 15 3 13 11 2 12 5
6 3 1 2 9 15 12 11
5 8 11 2 10 9 3 15
15 12 1 10 11 6 4 13
10 1 4 11 13 14 6 2
8 3 2 13 4 15 5 7

9 15 13 10 6 7 11
9 13 11 12 15 4 7 2
14 3 12 1 15 11 4 2
2 14 1 12 3 11 5 9

15 7 10 5 3 11 6
6 9 14 15 11 1 8
15 11 13 14 8 7 12
1 6 10 4 9 2 13
10 11 14 8 12 1 13
7 10 1 14 9 4 8
8 10 7 13 5 14 4
12 4 6 7 14 13 1
9 14 7 2 8 3 5
7 15 9 12 3 8 5
6 10 9 14 11 1 12
8 12 4 5 2 14 3
5 6 1 10 14 3 8
13 5 6 7 8 10 9
4 6 8 7 10 13 15

The second type states that no more than one job can be
handled on a machine at the same time. Job shop sched-
uling can be viewed as an optimization problem, bounded
by both sequence and resource constraints. For a job shop
scheduling problem, each job may consist of a different
number of operations, subjected to some precedence
restrictions. Commonly the processing orders of each job
by all machines and the processing time of each operation
are known and fixed. Once started operations cannot be
interrupted.

Assume job i (i=1,2,...n) requires processing by machine
k (k=1,2,... m) exactly once in its operation sequence (thus,
each job has m operations). Let p; be the processing time
of job i on machine k, Xj, be the starting time of job i on
machine k, gsj be the indicator which takes on a value of 1
if operation j of job i requires machine k, and zero
otherwise. Yj,y is the variable which takes on a value of 1 if

Table 2 Processing times of each job

job 1 precedes job h on machine k, and zero otherwise. The
objective function for the given job shop scheduling is

m
Minimize Z :Z Qimk (Xik + Pik)
=1

(i=1,..n)

Subject to

(a) Sequence constraint

D @i (X + i) <D ik Xik,
k=1 i

o~
Il

ie., for a given job i, the (j+1)" operation may not start
before the j* operation is completed.

69 81 81 62 80 3 38 62
83 51 47 15 89 76 52 18
62 47 93 54 38 78 71 96
33 82 80 30 96 31 11 26
36 49 10 43 69 72 19 65
83 32 6 13 87 94 36 76
29 78 21 27 17 43 14 15
12 74 4 3 15 62 50 38
69 13 33 47 86 31 97 48
27 4 35 80 49 46 84 46
36 17 81 67 47 5 51 23
78 58 62 43 1 56 76 49
38 86 38 38 83 36 11 17
10 86 93 63 61 62 75 90

73 12 14 71 3 47 84 84

54 66 88 82 3 12 88
22 85 26 30 5 89 22
19 33 44 71 90 9 21
41 55 12 10 92 3 75
37 57 32 11 73 89 12
46 30 56 62 32 52 72
16 49 72 19 99 38 64
49 25 18 55 5 71 27
25 40 94 22 61 59 16
96 72 18 23 96 74 23
82 35 96 7 54 92 38
80 26 79 9 24 24 42
99 14 57 64 58 96 17
40 77 8 27 96 69 64
53 58 95 87 90 68 75




Table 3 Randomly generated job sequences
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Seq. No Generated job sequences

1 —> 15 1 5 12 10 9 4 7 13 2 14 8 6 3 11
2 — 14 8 3 10 5 2 1 7 6 9 15 4 12 11 13
3 —> 12 7 15 10 5 8 13 3 14 6 2 4 9 1 11
4 —> 4 8 1 14 12 6 7 10 5 13 3 9 15 11 2
5 —> 7 14 12 10 4 8 15 13 1 2 6 5 11 3 9
6 — 13 11 10 5 15 9 2 3 7 4 8 12 6 14 1
7 —> 5 8 12 1 9 10 4 6 2 14 15 11 13 3
8 —> 10 13 9 1 3 2 15 5 8 6 11 14 12 7
9 —> 4 13 10 1 5 14 11 3 7 6 2 9 8 12 15
10 —> 2 3 12 10 11 6 15 7 14 5 9 13 4 8 1

(b) Resource constraint

Xhk — Xik > pik — (H+ piv) (1 — Yink),

Xik — Xnk > pnk — (H 4 pnk) Yinks

where (i=1,...m; h=1,..n; k=1,..... m)

where H is a very large positive integer, chosen so that

only one of the above constraints binding either for
Yihk =1 or for Yihk =0.

1.2 Artificial immune system (AIS)

The operative mechanisms of immune system are very
efficient from a computational standpoint [19]. The ar-
tificial immune system was built on the following two
principles of the immune system.

(a) Clonal selection principle
(b) Affinity maturation principle

1.2.1 Cloning selection principle

Each schedule (antibody) has a makespan value that refers
to the affinity value of that antibody. Affinity value of each

schedule is calculated from the affinity function. The
affinity function is defined as

1
makespan.

Affinity (p) =

From this relation, a lower makespan value gives a
higher affinity value. Further the cloning of antibodies is
done directly proportional to their affinity function values.
Therefore, there will be more clones of antibodies that have
lower makespan values than those with higher makespan
values in the new generated clone population. An immune-
based approach to minimize makespan on parallel pro-
cessors has been presented in [20]. An affinity function is
defined based on makespan values of the schedules [21,
22]. Also they have given a function to calculate the
number of clones [23, 24] that would be proliferated.

1.2.2 Affinity maturation principle

The affinity maturation principle consists of two methods
namely mutation and receptor editing.

Table 4 Evaluation results of makespan and affinity for each job sequence

Seq. No Job sequences Makespan  Affinity

1 —> 15 1 5 12 10 9 4 7 13 2 14 8 6 3 11 1396 0.000716
2 —> 14 8 3 10 5 2 1 7 6 9 15 4 12 11 13 1589 0.000629
3 - 12 7 15 10 5 8 13 3 14 6 2 4 9 1 11 1348 0.000742
4 —> 4 8 1 14 12 6 7 10 5 13 3 9 15 11 2 1376 0.000727
5 > 7 14 12 10 4 8 15 13 1 2 6 5 1 3 9 1476 0.000678
6 - 13 11 10 5 15 9 2 3 7 4 8 12 6 14 1 1270 0.000787
7 —> 5 8 12 7 1 9 10 4 6 2 14 15 11 13 3 1407 0.000711
8 —> 10 13 9 1 4 3 2 15 5 8 6 11 14 12 7 1567 0.000638
9 —> 4 13 10 1 5 14 11 3 7 6 2 9 8 12 15 1471 0.00068

0 = 2 3 12 10 11 6 15 7 14 5 9 13 4 8 1 1238 0.000808
Summation of all affinity values 0.007116
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Table 5 Cloning process in proposed AIS

Seq. No  No.of clones Job sequences after cloning process Makespan
1 2 15 1 5 12 10 9 4 7 13 2 14 8 6 3 11 1396
15 1 5 12 10 9 4 7 13 2 14 8 6 3 11 1396
2 1 14 8 3 10 5 2 1 7 6 9 15 4 12 11 13 1589
3 2 12 7 15 10 5 8 13 3 14 6 2 4 9 1 11 1348
12 7 15 10 5 8 13 3 14 6 2 4 9 1 11 1348
4 2 4 8 1 14 12 6 7 10 5 13 3 9 15 11 2 1376
4 8 1 14 12 6 7 10 5 13 3 9 15 11 2 1376
5 1 7 14 12 10 4 8 15 13 1 2 6 5 11 3 9 1476
6 2 13 11 10 5 15 9 2 3 7 4 8 12 6 14 1 1270
13 11 10 5 15 9 2 3 7 4 8 12 6 14 1 1270
7 1 5 8 12 7 1 9 10 4 6 2 14 15 11 13 3 1407
8 1 10 13 9 1 4 3 2 15 5 8 6 11 14 12 7 1567
9 1 4 13 10 1 5 14 11 3 7 6 2 9 8 12 15 1471
10 2 2 3 12 10 11 6 15 7 14 5 9 13 4 8 1 1238
2 3 12 10 11 6 15 7 14 5 9 13 4 8 1 1238

Mutation A two phased mutation procedure were used for
the generated clones [25].

(a) Inverse mutation
(b) Pairwise interchange mutation

(a) Inverse mutation: For a sequence s, let i and j be
randomly selected two positions in the sequences. A
neighbor of s is obtained by inversing the sequence of jobs
between 1 and j positions. If the makespan value of the
mutated sequence (after inverse mutation) is smaller than
that of the original sequence (a generated clone from an
antibody), then the mutated one is stored in the place of
the original one. Otherwise, the sequence will be mutated
again with random pair wise interchange mutation.

(b) Pair wise interchange mutation: Given a sequence s,
let i and j be randomly selected two positions in the

Table 6 Mutation process in proposed AIS

sequence s. A neighbor of s is obtained by interchanging
the jobs in positions i and j. If the makespan value of the
mutated sequence (after pair wise interchange mutation) is
smaller than that of the original sequence, then store the
mutated one in the place of the original one. In the case
where the algorithm could not find a better sequence after
the two-mutation procedure, then it stores the original
sequence (generated clone).

Receptor editing After cloning and mutation processes, a
percentage of the antibodies (worst %B of the whole
population) in the antibody population are eliminated and
randomly created antibodies are replaced with them. This
mechanism allows to find new schedules that correspond
to new search regions in the total search space [26].

Seq. No. of Makespan Inverse mutation Pairwise mutation Selected job sequence after mutation Make
No clones original  makespan makespan span
1 2 1396 1420 1397 15 1 51210 9 4 7 13 214 8 6 3 11 139
1396 1319 1464 7 4 91012 5 1 1513 2 14 8 6 11 3 1319
2 1 1589 1589 1493 1311 12 415 1 7 6 9 2 510 3 8 14 1493
3 2 1348 1332 1460 8 51015 7 1213 3 14 6 11 1 9 4 2 1332
1348 1348 1490 12 7 1510 5 813 3 14 6 2 4 9 1 11 1348
4 2 1376 1420 1255 2 11 1510 5 13 3 9 7 6 12 14 1 8 4 1255
1376 1388 1255 21115 9 310 513 7 6 12 14 1 8 4 1255
5 1 1476 1397 1405 1214 710 4 8 9 311 5 6 2 1 13 15 1397
6 2 1270 1262 1338 4 7 3 2 915 510 11 13 8 12 6 1 14 1262
1270 1405 1376 131110 515 9 2 3 7 4 812 6 14 1 1270
7 1 1407 1407 1319 3131112 7 1 910 4 6 2 1415 8 5 1319
8 1 1567 1512 1303 4 1 91310 3 215 5 8 6 11 14 7 12 1512
9 1 1471 1301 1375 311 14 5 11013 4 7 6 2 915 12 8 1301
10 2 1238 1331 1476 2 312101 615 7 14 5 913 4 8 1 1238
1238 1391 1378 2 3121011 615 7 14 5 913 4 8 1 1238
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Table 7 Receptor editing process in proposed AIS

Seq. No Job sequences after receptor editing process

1 > 2 3 12 10 11 6 15 7 14 5 9 13 4 8 1
2 -> 2 11 15 10 5 13 3 9 7 6 12 14 1 8 4
3 > 2 11 15 9 3 10 5 13 7 6 12 14 1 8 4
4 -> 4 7 3 2 9 15 5 10 11 13 8 12 6 1 14
5 -> 13 11 10 5 15 9 2 3 7 4 8 12 6 14 1
6 -> 3 11 14 5 1 10 13 4 7 6 2 9 15 12 8
7 > 3 13 11 12 7 1 9 10 4 6 2 14 15 8 5
8 -=> 6 9 7 4 5 3 11 2 10 13 15 1 8 12 14
9 > 1 7 4 2 6 10 5 11 13 3 8 9 15 12 14
10 -=> 3 6 11 1 14 7 15 9 2 4 12 5 13 8 10

1.3 Artificial immune system vs. genetic
algorithms (GA)

Both AIS and GA are population based evolutionary and
biologically inspired algorithms. There is no difference
between a chromosome in GA and an antibody in the AIS,
thus they do not differ in representation of the components.
Also, GA have fitness function and, similarly, AIS have an
affinity function to evaluate the quality of each individual.
However, their evolutionary search procedures differ from
each other.

Here, we point out the difference between our AIS
approach and a GA. First of all, reproduction and selection
of new generations are different. In a standard GA, cross-
over and mutation are the basic tools for creating new
solutions, in AIS it is achieved by cloning and mutating
antibodies due to their affinity function values. In AIS,
mutations are immediately tested for acceptance or rejec-
tion, rather than a phase where a new generation is selected
as in GA [19].

This paper is organized as follows. Section 2 deals with
the proposed AIS algorithm for the job shop scheduling
problem. Section 3 presents the implementation of AIS
with a numerical illustration. Section 4 deals the results and
discussion of 130 benchmark test problems with literature

2 Proposed AIS algorithm for job shop
scheduling problem

The flow chart in Fig. 1 gives the details of AIS algorithm
for solving the job shop scheduling problem. In this work,
possible schedules are represented by integer-valued se-
quences of length n (jobs). The n elements of the strings are
the jobs which will be sequenced. Therefore, the strings are
composed of permutations of n (jobs) elements. Those
strings are accepted as antibodies of the AIS. The algorithm
goes up to solution by the evolution of these antibodies.
Generate a population of P antibodies (job sequences).
For each iteration:

Select the sequence in the antibody population;
Find out the affinity of each antibody;
Cloning process (generate copies of the antibodies).

Steps in mutation process (for each clone)

Find inverse mutation (generate a new sequence):
Select the new sequence obtained from inverse
mutation:

Find the makespan of the new sequence:

if makespan (new sequence) < makespan (clone) then
Clone = new sequence

results. Finally, the conclusion of the research work is zlse, S h .

presented in Sect. 5. 0 pair V\.’ISC interchange mutation (generate a new
sequence):

Table 8 Final results obtained after 1,500 iterations in proposed AIS

Seq. No Final job sequences Makespan

1 > 1 2 4 6 10 3 11 15 5 12 7 14 13 9 8 1206

2 > 6 1 2 4 10 3 11 15 5 12 7 14 13 9 8 1206

3 > 2 4 1 6 10 3 11 15 5 12 7 14 13 9 8 1206

4 > 5 13 11 6 2 10 15 14 1 12 4 7 3 8 9 1206

5 > 10 5 13 15 6 14 1 2 3 12 9 4 11 7 8 1206

6 > 4 2 1 6 10 3 11 15 5 12 7 14 13 8 9 1206

7 > 6 3 2 5 10 11 15 14 4 12 13 9 7 8 1 1206

8 > 6 13 5 3 4 11 9 8 10 15 2 14 12 7 1 1208

9 > 11 6 13 5 3 4 9 8 10 15 2 14 12 7 1 1208

10 -> 12 13 4 14 10 11 15 8 2 5 6 7 1 3 9 1209
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Table 9 Results for ten instances (ORB1-ORBS5) and (ABZ5-ABZ9)

of class (i) problems

Problem n m Opt (LB UB) AlS RE 415 CPU TSSB REtssp CPU
Time Time
sec. sec.

ORBI1 10 10 1059 1062 0.22 96 1064 0.47 82

ORB2 10 10 888 891 0.34 93 890 0.23 75

ORB3 10 10 1005 1005 0 28 1013 0.8 87

ORB4 10 10 1005 1005 0 35 1013 0.8 75

ORBS5 10 10 887 889 0.23 98 887 0 81

ABZ5 10 10 1234 1234 0 32 1234 0 75

ABZ6 10 10 943 943 0 37 943 0 80

ABZ7 20 15 656 666 1.52 256 666 1.52 200

ABZS8 20 15 (645 669) 669 0 118 678 5.12 205

ABZ9 20 15 (661 679) 684 0.74 242 693 4.84 195

Mean Relative Error (MRE) 0.305 1.378

select the new sequence:

Find the makespan of the new sequence:

If makespan (new sequence) < makespan (clone) then
clone = new sequence:

else

clone = clone:

antibody = clone:

300
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Fig. 3 The graph shows that CPU times obtained for class (i) prob-
lems in AIS compared with TSSB procedure

Eliminate worst %B number of antibodies in the population:

Create new antibodies at the same number (%B of
pop.) o .
Change the eliminated ones with the new created ones
while stopping criteria = false.

3 Implementation of AIS
3.1 Software development

The artificial immune system algorithm is implemented in
C language on a personal computer Pentium IV 2.4 GHz.
The maximum number of iterations has been set to 100 X
n, where n is the number of jobs.

Fig. 4 The graph shows that 1400
makespan results obtained for 1200
class (i) problems in AIS com-
pared with TSSB procedure c 1000
3 800 OAIS
£ 600 | mTSSB
=
400
200
0
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Problem Type
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Problem n m Opt (LB UB) AIS RE s TSSB REtssB
LAO1 10 5 666 666 0 666 0
LAO02 10 5 655 655 0 655 0
LAO3 10 5 597 601 0.67 597 0
LAO4 10 5 590 590 0 590 0
LAO5 10 5 593 593 0 593 0
LAO6 15 5 926 926 0 926 0
LAO7 15 5 890 890 0 890 0
LAO8 15 5 863 863 0 863 0
LA09 15 5 951 951 0 951 0
LA10 15 5 958 958 0 958 0
LA11 20 5 1222 1222 0 1222 0
LA12 20 5 1039 1039 0 1069 0
LA13 20 5 1150 1150 0 1150 0
LA14 20 5 1292 1292 0 1292 0
LA1S5 20 5 1207 1207 0 1207 0
LAl6 10 10 945 945 0 945 0
LA17 10 10 784 784 0 784 0
LAI1S8 10 10 848 848 0 848 0
LA19 10 10 842 842 0 842 0
LA20 10 10 902 902 0 902 0
LA21 15 10 1046 1046 0 1046 0
LA22 15 10 927 929 0.21 927 0
LA23 15 10 1032 1032 0 1032 0
LA24 15 10 935 935 0 938 0.32
LA25 15 10 977 977 0 979 0.2
LA26 20 10 1218 1218 0 1218 0
LA27 20 10 1235 1235 0 1235 0
LA28 20 10 1216 1216 0 1216 0
LA29 20 10 (1142 1153) 1153 0 1168 2.28
LA30 20 10 1355 1355 0 1355 0
LA31 30 10 1784 1784 0 1784 0
LA32 30 10 1850 1850 0 1850 0
LA33 30 10 1719 1719 0 1719 0
LA34 30 10 1721 1721 0 1721 0
LA35 30 10 1888 1888 0 1888 0
LA36 15 15 1268 1273 0.39 1268 0
LA37 15 15 1397 1397 0 1411 1
LA38 15 15 1196 1196 0 1201 0.42
LA39 15 15 1233 1233 0 1240 0.57
LA40 15 15 1222 1230 0.65 1233 0.9
Mean Relative Error (MRE) 0.048 0.14

3.2 Representation of solution seed

Consider the three-job three-machine problem shown

below.

Processing time operations

Job 1 2

3 3 2
i2 1 5 3
3 2 3

Machine sequence operations

Job 1 2 3

jl ml m2 m3
j2 ml m3 m2
i3 m2 ml m3

Suppose a seed is given as [3 2 1], where 1 stands for job
j1, 2 for job j2, and 3 for job j3. This sequence has to be
operated 3 times in the same order because each job has
three operations. So, we can consider the initial seed as the
following format [3 2 13 2 1 3 2 1]. There are three 2s in
the seed, which stands for the three operations of job j2.
The first 2 corresponds to the first operation of job j2 which
will be processed on machine 1, the second 2 corresponds
to the second operation of job j2 which will be processed
on machine 3, and the third 2 corresponds to the third
operation of job j2 which will be processed on machine 2.
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We can see that all operations for job j2 are given the
same symbol 2 and then interpreted according to their
orders of occurrence in the sequence of this seed. The
corresponding relationships of the operations of jobs and
processing machines are shown in Fig. 2.

This concept is used to find the makespan for the
sequences of the benchmark problems where the generated

seed (job sequence) is operated equal to the number of
machines represented in the particular problem.

3.3 Numerical example

Input data TYPE 15x15 - (TA 03), Number of machines =
15, Number of jobs = 15

The operational sequences and processing times are
given in Tables 1 and 2.

Initialization In the initialization phase, job sequences are
generated randomly for 15 X 15 (TA-03) problem, which
is given in Table 3.

Evaluation For each sequence makespan and its affinity
values are calculated. Affinity is calculated as affinity (p) =
1/ make span. Finally summation of all affinity values of a
given population set are also calculated and shown in
Table 4.

Cloning process Based on the affinity value of the
individual sequence number of clones are calculated for
the population.

Number of clones = Round of [(individual affinity/total
affinity)xPopulation size].

Population size = 10 and is shown in Table 5.

Mutation process In the mutation process, if original
sequence makespan is less than the makespan obtained
after inverse mutation and pairwise interchange mutation,
then the original sequence is retained. Otherwise, the
sequence generated during inverse or pairwise interchange
mutation is taken based on mutation condition, which is
shown in Table 6.

Receptor editing After sorting the sequence and deleting
repetition, the receptor editing process has to be done. Of
the worst sequences, 30% are replaced by new randomly
generated sequences and are shown in Table 7. This gives
the possibility of a new search space in the total search
space. These sequences will be taken as input for the next

Table 11 Comparison of mean

. . Problem n m AlIS TSSB
relative error and computing
time of AIS with TSSB [8] MRE Tav MRE Tav
LA 01-05 10 5 0.12 15 0.00 9.8
LA 06-10 15 5 0 12 0.00 -
LA 11-15 20 5 0 22 0.00 -
LA 16-20 10 10 0 26 0.00 61.5
LA 21-25 15 10 0.04 83 0.10 115
LA 26-30 20 10 0 120 0.46 105
LA 31-35 30 10 0 155 0.00 -
LA 36-40 15 15 0.21 128 0.58 141
0.048 0.14
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Table 12 Results of 80 instances of eight different size (nxm = 15x15; 20x15; 20%20; 30x15; 30%20; 50x15; 50%20; 100x20) of class (iii)
problems

Problem n m Opt (LB UB) AIS RE 45 TSSB REtssp SB-GLS1 REgsg.Ggrsi
TAl 15 15 1231 1231 0 1241 0.812 1244 1.056
TA2 15 15 1244 1244 0 1244 0 1255 0.884
TA3 15 15 (1206 1218) 1206 0 1222 1.327 1225 1.575
TA4 15 15 (1170 1175) 1170 0 1175 0.427 1191 1.795
TAS 15 15 (1210 1228) 1215 0.41 1229 1.57 1256 3.802
TA6 15 15 (1210 1239) 1210 0 1245 2.893 1247 3.058
TA7 15 15 (1223 1228) 1223 0 1228 0.409 1244 1.717
TA8 15 15 (1187 1217) 1187 0 1220 2.78 1222 2.949
TA9 15 15 (1247 1274) 1297 0.4 1291 3.528 1291 3.528
TA10 15 15 1241 1241 0 1250 0.725 1266 2.015
TAT11l 20 15 (1321 1364) 1357 2.73 1371 3.785 1402 6.132
TA12 20 15 (1321 1367) 1367 3.48 1379 4.391 1416 7.192
TA13 20 15 (1271 1350) 1369 7.71 1362 7.16 1377 8.34
TA14 20 15 1345 1345 0 1345 0 1361 1.19
TA15 20 15 (1293 1342) 1348 4.25 1360 5.182 1383 6.961
TA16 20 15 (1300 1368) 1351 3.92 1370 5.385 1418 9.077
TA17 20 15 (1458 1464) 1458 0 1481 1.578 1519 4.184
TA18 20 15 (1369 1396) 1412 3.14 1426 4.164 1433 4.675
TA19 20 15 (1276 1341) 1336 4.7 1351 5.878 1376 7.837
TA20 20 15 (1316 1353) 1347 2.36 1366 3.799 1398 6.231
TA21 20 20 (1539 1647) 1649 7.147 1659 7.797 1692 9.942
TA22 20 20 (1511 1601) 1627 7.67 1623 7.412 1638 8.405
TA23 20 20 (1472 1558) 1556 5.7 1573 6.861 1594 8.288
TA24 20 20 (1602 1651) 1624 1.37 1659 3.558 1714 6.991
TA25 20 20 (1504 1598) 1580 5.05 1606 6.782 1631 8.444
TA26 20 20 (1539 1655) 1672 8.64 1666 8.252 1698 10.331
TA27 20 20 (1616 1689) 1688 4.45 1697 5.012 1722 6.559
TA28 20 20 (1591 1615) 1602 0.69 1622 1.948 1653 3.897
TA29 20 20 (1514 1625) 1583 4.55 1635 7.992 1639 8.256
TA30 20 20 (1473 1596) 1573 6.78 1614 9.572 1621 10.048
TA31 30 15 (1764 1766) 1764 0 1771 0.397 1809 2.551
TA32 30 15 (1774 1803) 1824 2.81 1840 3.72 1840 3.72
TA33 30 15 (1778 1796) 1829 2.87 1833 3.093 1844 3.712
TA34 30 15 (1828 1832) 1841 0.71 1846 0.985 1898 3.829
TA35 30 15 2007 2009 0.09 2007 0 2010 0.149
TA36 30 15 (1819 1823) 1825 0.32 1825 0.33 1874 3.024
TA37 30 15 (1771 1784) 1796 1.41 1813 2.372 1846 4.235
TA38 30 15 (1673 1681) 1699 1.49 1697 1.435 1762 5.32
TA39 30 15 (1795 1798) 1803 0.44 1815 1.114 1822 1.504
TA40 30 15 (1631 1686) 1684 3.25 1725 5.763 1749 7.235
TA41 30 20 (1859 2023) 2019 8.66 2045 10.005 2106 13.287
TA42 30 20 (1867 1961) 1956 4.76 1979 5.999 2018 8.088
TA43 30 20 (1809 1879) 1902 5.14 1898 4.92 1946 7.573
TA44 30 20 (1927 2003) 1987 3.11 2036 5.656 2069 7.369
TA45 30 20 (1997 2005) 2011 0.7 2021 1.202 2049 2.604
TA46 30 20 (1940 2033) 1997 2.94 2047 5.515 2115 9.021
TA47 30 20 (1789 1920) 1906 6.54 1938 8.329 1973 10.285
TA48 30 20 (1912 1973) 1982 3.66 1996 4.393 2080 8.787
TA49 30 20 (1915 1991) 1993 4.07 2013 5.117 2046 6.841
TAS0 30 20 (1807 1951) 1975 9.29 1975 9.297 2009 11.179
TAS51 50 15 2760 2760 0 2760 0 2760 0
TAS52 50 15 2756 2756 0 2756 0 2756 0

TAS3 50 15 2717 2717 0 2717 0 2717 0
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Table 12 (continued)

Problem n m Opt (LB UB) AIS RE 415 TSSB REtssp SB-GLS1 REgsgp.grsi
TAS54 50 15 2839 2839 0 2839 0 2839 0
TASS5 50 15 2679 2681 0.07 2684 0.187 2683 0.149
TAS56 50 15 2781 2781 0 2781 0 2781 0
TAS7 50 15 2943 2943 0 2943 0 2943 0
TAS8 50 15 2885 2885 0 2885 0 2885 0
TAS59 50 15 2655 2655 0 2655 0 2657 0.075
TA60 50 15 2723 2723 0 2723 0 2723 0
TA61 50 20 2868 2868 0 2868 0 2891 0.802
TA62 50 20 (2869 2895) 2895 0.9 2942 2.544 2962 3.242
TA63 50 20 2755 2755 0 2755 0 2796 1.488
TA64 50 20 2702 2702 0 2702 0 2726 0.888
TA65 50 20 2725 2725 0 2725 0 2751 0.954
TA66 50 20 2845 2845 0 2845 0 2845 0
TA67 50 20 (2825 2826) 2842 0.6 2865 1.416 2841 0.566
TA68 50 20 2784 2784 0 2784 0 2785 0.036
TA69 50 20 3071 3075 0.13 3071 0 3071 0
TA70 50 20 2995 2995 0 2995 0 3004 0.301
TA71 100 20 5464 5464 0 5464 0 5464 0
TA72 100 20 5181 5181 0 5181 0 5181 0
TA73 100 20 5568 5568 0 5568 0 5568 0
TA74 100 20 5339 5339 0 5339 0 5339 0
TA75 100 20 5392 5396 0.07 5392 0 5392 0
TA76 100 20 5342 5344 0.037 5342 0 5342 0
TA77 100 20 5436 5436 0 5436 0 5436 0
TA78 100 20 5394 5394 0 5394 0 5394 0
TA79 100 20 5358 5358 0 5358 0 5358 0
TA80 100 20 5183 5183 0 5183 0 5183 0
TOTAL 149.214 204.8 294.4
Mean relative error (MRE) 1.865 2.56 3.68
iteration. Steps 3.2.1. to 3.2.5. constitute an iteration. This  Class (ii):

is repeated for the desired number of iterations.

3.4 Final results after 1500 iterations

The final job sequences and makespan obtained after
reaching the lower bound value are given in Table 8. The
computational time for TA 03 problem is 94 CPU s.

4 Results and discussion

The proposed AIS algorithm has been tested for 130
problem instances of various sizes collected in the
following classes:

Class (i):
Five instances denoted as (ORB1-ORBS5) due to
Applegate and Cook [27] and five instances denoted
as (ABZ5-ABZ9) due to Adams et al. [28].

Forty instances of eight different sizes (nxm = 10x5;

15%5; 20x5; 10x10; 15%x10;20x10; 30x10; 15x15)

denoted as (LAO1-LA40) due to Lawrence [29].
Class (iii):

Eighty instances of eight different size (nxm = 15x15;

20x15;20%20; 30%15; 30x20; 50x15; 50%20; 100%20)

denoted by Taillard (TA1-TAS80) [30].

The relative error RE (%) was calculated for all problem
instances, as a percentage by which the solution obtained is
above the optimum value (Opt) if it is known or the best-
known lower bound (LB) [19].

RE(%) = 100 x (UB — LB) /LB.

In Table 9, the solutions for class (i) problems obtained
from AIS are compared with TSSB procedure and the mean
relative error of AIS (0.305%) is found to be lower than the
previously obtained results (1.378%) from TSSB procedure.
AIS gives optimum bound value for 5 out of 10 problems
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Problem Type

Fig. 8 The graph shows that the results obtained in AIS algorithm
compared with TSSB and SB-GLS1 procedure for problems TA-1 to
TA-26

where TSSB produces optimum value for 3 out of 10 prob-
lems. The graphical representation in Figs. 3 and 4 shows the
comparison of class (i) problem results and computational
time obtained from AIS with TSSB procedure [19].

In Table 10, the solutions for class (ii) problems obtained
from AIS are compared with TSSB procedure and the mean

2500
2000
§ 1500 OAIS
§ BWTSSB
500

>

© D v O P © WV > © R P
&?ﬁ/&?{l}&?{b &Vﬂb &?‘:b &?{"b '\‘7{? '\‘7? &‘7? &‘7? &VP‘ &?P‘ &?(p

Problem Type

Fig. 9 The Graph shows that the results obtained in AIS algorithm
compared with TSSB and SB-GLS1 procedure for problems TA-27
to TA-50

Problem Type

Fig. 10 Graph shows that the results obtained in AIS algorithm
compared with TSSB and SB-GLS1 procedure for problems TA-51
to TA-70

relative error is found in AIS (0.048%) which is lower than
the previously obtained value of 0.14% by TSSB proce-
dure. AIS gives optimum bound value for 36 out of 40
problems where as TSSB produces optimum value for 33
out of 40 problems. The graphical representation in Figs. 5
and 6 shows the comparison of class (ii) problem results
and average computational time obtained from AIS with
TSSB procedure.
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Fig. 11 Graph shows that the results obtained in AIS algorithm
compared with TSSB and SB-GLS1 procedure for problems TA-71
to TA-80
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Table 13 Comparison of mean relative error and computing time of AIS with TSSB and SB-GLS1 of Balas and Vazacopoulos [8]

Problem n m AIS TSSB SB-GLSI
MRE Tav MRE Tav MRE Tav
TA 01-10 15 15 0.08 118 1.45 2175 2.24 57
TA 11-20 20 15 3.23 232 4.13 2526 6.18 113
TA 21-30 20 20 5.21 495 6.52 34910 8.12 165
TA 31-40 30 15 1.34 835 1.92 14133 3.53 175
TA 41-50 30 20 4.89 2331 6.04 11512 8.50 421
TA 51-60 50 15 0.007 665 0.02 421 0.02 152
TA 61-70 50 20 0.163 1315 0.39 6342 0.83 590
TA 71-80 100 20 0.011 1019 0.00 231 0.00 851
1.865 2.56 3.68
In Table 12, the solutions of the results obtained in AIS 3. Erschler JF, Roubellat JP, Vernhes (1976) Finding some

are compared with TSSB, SB-GLS1 procedure. The mean
relative error for class (iii) problem instances obtained by
AIS is 1.865% which is lower than the previously obtained
results of 2.56% from TSSB procedure and 3.68% from
SB-GLSI1 procedure. AIS gives optimum bound value for
55 out of 80 problems where as TSSB produces optimum
value for 32 out of 80 problems and SB-GLS1 generates
optimum value of 20 out of 80 problems. The graphical
representation in Figs. 7, 8, 9, 10, 11 shows the comparison
of class (iii) problem results and average computational
time obtained from AIS with TSSB procedure and SB-
GLSI1 procedure. In Table 11 and 13 shows the mean
relative error and average computational time obtained for
class (ii) and class (iii) problems using of AIS, TSSB and
SB-GLSI1 procedure.

5 Conclusion

In this paper, the proposed AIS approach has been used for
solving job shop scheduling problems with the objective of
makespan minimization. The algorithm uses simple but
effective techniques for calculating cloning process,
applying mutations, and a receptor editing procedure.
The algorithm has been tested on 130 benchmark problem
instances. The percentage deviations from lower bounds
were calculated. The findings were compared with the
Tabu search shifting bottleneck procedure (TSSB) and SB-
GLS1 procedure that tested the same problems. The
proposed AIS algorithm is competent and proves to be a
good problem-solving technique for job shop scheduling.
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