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Abstract To solve the job-shop scheduling problem more
effectively, a method based on a novel scheduling algorithm
named immune genetic algorithm (IGA) was proposed. In
this study, the framework of IGA was presented via
combining the immune theory and the genetic algorithm.
The encoding scheme based on processes and the adaptive
probabilities of crossover and mutation were adopted, while
a modified precedence operation crossover was also pro-
posed to improve the performance of the crossover operator.
On the other hand, the “shortest processing time” principle
was selected to be the vaccine of IGA and the design method
of the immune operator was given at the same time. Finally,
the performance of IGA for solving JSP was validated by
applying the IGA to Muth and Thompson’s benchmark
problems.

Keywords Immune genetic algorithm - JSSP- Vaccine

1 Introduction

The job-shop scheduling problem (JSSP) is a typical model
of the manufacturing scheduling problem, which has a
strong engineering background [1, 2]. JSSP belongs to the
non-deterministic polynomial problem [3]. Nowadays a lot
of job-shop scheduling approaches have been reported in
the literature, which can be arranged under two categories:
optimization and approximate/heuristic methodology [4].
Therein, approximate/heuristic algorithms mainly consist of
dispatching rules, artificial intelligence, neural networks,
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and neighbourhood search algorithms. Furthermore, the
neighbourhood search algorithms are also composed of
taboo search (TS), simulated annealing (SA), ant system
(AS), genetic algorithm (GA), etc., which can be named
meta-heuristic algorithms. In recent years, many meta-
heuristic algorithms have been studied and reported, and
these can be conveniently organized as shown in Table 1.

In this study a novel scheduling algorithm named
immune genetic algorithm (IGA), proposed by Jiao and
Wang [12], will be applied to solve the JSSP. According to
Jiao and Wang’s study, IGA can improve the global
exploration performance of GA by combining the immune
theory in biology and the genetic algorithm, and restrain the
degeneration phenomena of the colony by selectively and
purposefully utilizing the characteristic information of the
pending problem during the optimizing period. Up to now
IGA has been popularly applied to the processes manufac-
turing scheduling problem [13], the travelling salesman
problem (TSP) [12], and other research fields. Based on the
methodology of IGA, this study aims to apply the IGA to
the job-shop scheduling problem. To be exact, in this study
the detail framework of IGA applied to solve JSSP will be
proposed, the strategies of selecting immune vaccines and
the methods of constructing the immune and other
operators will be shown. Furthermore, the experiment of
Muth and Thompson’s basic problem [14] and the
optimizing performance comparison with other scheduling
algorithms will validate that applying IGA to solve JSSP is
not only feasible but also effective.

2 The immune genetic algorithm [15]

The aim of leading immune concepts and methods into GA
is theoretically to utilize the local characteristic information
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Table 1 Meta-heuristic approaches for JSSP

Category Detailed work

Taboo search (TS) 1. Ponnambalam et al. [5] used tabu search to solve the job shop scheduling problems with the makespan objective
2. Deng et al. [6] proposed a fast taboo search algorithm designed according to steps of the taboo search algorithm
3. Qi et al. [7] presented a fast taboo search algorithm for solving the minimum makespan problem of job shop
scheduling. In the first, the insertion method is used to create the initial solution, and then the taboo search algorithm is

applied to improve the final solution

Simulated annealing 1. Suresh and Mohanasundaram [8] proposed a meta-heuristic procedure based on the simulated annealing algorithm
(SA) called Pareto archived simulated annealing (PASA) to discover non-dominated solution sets for the job shop scheduling

problems

2. Wu et al. [9] studied a parallel simulated annealing (PSA) algorithm for the job-shop scheduling problem. In the
scheduling algorithm, the whole search strategy was applied and a rule of neighbourhood search was defined to
improve the performance of the individual search

Ant system (AS) 1. Wang et al. [10] proposed an improved algorithm named bi-directional convergence ant colony optimization (ACO)
algorithm based on the graphic definition of the job-shop problem and the elitist strategy

2. Zhou et al. [11] proposed an ant colony algorithm (ACA for short) to solve the prematurity and unsteadiness problem in
GA for JSSP with the objective of makespan minimization

for seeking the ways and means of finding the optimal
solution when dealing with difficult problems. To be exact,
it employs the local information to intervene in the globally
parallel process and restrain or avoid the repetitive and
useless work during the course, so as to overcome the
blindness in action of the crossover and mutation. During
the actual operation, IGA first specifically analyses the
pending problem which is regarded as “antigen”, where the
basic characteristic information which is regarded as
“vaccine” is extracted. Then the characteristic information
is handled and transformed to be a solution and the set of
total results from this solution is called “antibody” based on
the vaccine. Finally the solution is transformed to be the
immune operator by a certain format to execute the
operation. To be more exact, the idea of immunity is
mainly realized through two steps based on reasonably
selecting vaccines, i.e. a vaccination and an immune
selection, of which the former is used for raising fitness
and the latter is for preventing the degeneration.

3 Design of IGA for JSSP
3.1 Mathematical model of JSSP [16]

The job-shop scheduling problem can be described by a set
of n jobs with different processing sequences that is to be
processed on a set of m machines. Each job has a
technological sequence of machines to be processed. Each
operation requires the exclusive use of each machine for an
uninterrupted duration called the processing time. The time
required to complete all jobs is called make-span. The
objective function when solving or optimizing a JSSP
problem is to determine the processing order of all
operations on each machine that minimizes the make-span.
A typical mathematical model of a n/m/J/C,,, scheduling
problem and the known conditions are presented as follows.
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1. The set of work pieces is P={ p1, p2, ..., p, } Where p; is
the ith work piece; (i=1, 2, ..., n).

2. The set of machines is M={ m,, m,, ..., m,, } where m;
is the jth machine; (=1, 2, ..., m).

3. The process matrix is OP = {op],op},... opl'}
where op={ op;1, Opi2, ..., OPim } 18 the manufacturing
process of work piece p;. op;; is the machine number of
process k for work piece i. opy=0 indicates that work
piece p; is not manufactured in process k (k=1, 2, ..., m).

4. The processing time matrix is 7 where T (i, j)eT is the
processing time of work piece p; which is processed on
machine j. When T (i, j) =0, it indicates that work piece
p; does not use machine ;.

When solving the JSSP, the following constraints must
be satisfied. The processing sequences of each work piece
on a certain machine are unchangeable; every machine can
only process one work piece each time; the processing time
for each work piece is fixed; the start time of each machine
and each work piece is zero.

According to the known conditions and constraints, the
mathematical model of JSSP is described as follows.

1<k<m | 1<i<n

min max {maxc,»k} (1)
S.t.  Cik — PDik +M(1 - Ll,'hk) >cp,i=1,2,...,n;
hk=1,2,..m
ok — ik + M (1= xp) > pe,ij=1,2,..,n k=1,2,....m
cr>0,i=1,2,...nk=1,2,....m

Xjpe=0o0r ;i j=12,...,nm k=12 ..m

(2)

Equation 1 is the objective function which minimizes the
maximum make-span. Equation 2 represents the process
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Fig. 1 Flowchart of IGA for JSSP

sequences for each work piece determined by the technol-
ogy constraint and the machine sequences for each work
piece which is processed on it. ¢, p; denotes the end time
and processing time of work piece i when processed on
machine k, respectively. M denotes a positive number that is
big enough. a;;; and x;; denote the index coefficient and
the index variable, respectively.
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3.2 Framework of IGA for JSSP

In this study the immune genetic algorithm for JSSP is a
certain modified genetic algorithm, namely, a simple
genetic algorithm (SGA) based on the immune theory.
Therefore, the basic genetic algorithm framework presented
by Goldberg [17] was adopted to be the framework of IGA
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in this study and the primary genetic operators were
modified at the same time. To be exact, we used the
adaptive crossover and mutation operator instead of the
original one and took advantage of the immune operator to
improve the fitness of the population and avoid the
degeneration of the colony through the vaccination and
immune selection operation. Figure 1 shows the framework
of IGA for JSSP and the detailed procedures are listed as
follows.

1. Create the initial random population M, where M is the
scale of the chromosome population.

2. Analyse the pending problem and collect the charac-
teristic information to be the vaccine. In this study the
vaccine is extracted according to the actual manufac-
turing experience of JSSP.

3. Evaluate the fitness of each individual in the popula-
tion. The fitness includes maximum, minimum, aver-
age, and variance.

4. If the termination criterion is satisfied then the optimal
individual is designated to be the result and the
algorithm halts; or else, continues to step 5.

5. Crossover and mutation are the key operations which
determine the global search ability of IGA. In this study
the adaptive genetic algorithm (AGA) proposed by
Srinivas and Patnaik [18] was employed. According to
this methodology the probability P. (the crossover
probability or crossover rate) and the probability p,,
(the mutation probability) can be automatically changed
according to the fitness fluctuation of the population.

6. Do the immune operation, and then go back to step 3.

3.3 Design operators of IGA for JSSP
3.3.1 Encoding scheme of IGA for JSSP

The encoding scheme is the premier and crucial problem for
IGA. In this study, an encoding method based on precedence
operation proposed by Guoyong et al. [19] was adopted
because this method can always gain the feasible scheduling
solution after the chromosome is decoded and substituted and
totally refrain from an infeasible solution. In this encoding
scheme the procedure of each work piece was denoted by the
corresponding work piece number and compiled according to
the emerging sequence in the chromosome. For the n/m/J/
Chax scheduling problem a certain chromosome is made up of
nxm genes, the work piece number can only appear m times,
and when scanning genes of this chromosome from left to
right, the work piece number which appears at the kth time
indicates the kth procedure of this work piece.

In this paper the infix avidity decoding scheme algo-
rithm proposed by Chen et al. [20] was employed to be the

@ Springer

decoding algorithm. To be exact, the chromosome was first
transformed to be an ordered operation table, and then each
operation was processed one by one according to the
earliest processing start time based on the operation table
and process constraint. According to these two steps, the
scheduling solution was generated.

3.3.2 Vaccine extraction

The immune operator of IGA is composed of two
operations, a vaccination and an immune selection, where
the vaccine points to the basic characteristic information
which is extracted from prior knowledge of the pending
JSSP based on the former experience and the antibody
points to a kind of solution generated from this character-
istic information. The former is regarded as the estimate for
the matched scheme of the best individual of pending JSSP
and the latter is the sample of this scheme.

In this study the SPT (shortest processing time) dispatch-
ing rule is adopted to be the vaccine by analysing the actual
manufacturing application for JSSP. When an amount of jobs
is arranged on one machine, using the SPT principle, that is to
say, the job with shortest processing time being arranged first,
can minimize the average flowing time, delivery time, waiting
time, and the average idling time. According to this
characteristic of JSSP, the individual of the population is
injected into the vaccine by the vaccine probability P..
Section 3.3.5 shows the detailed steps of this operation.

3.3.3 Design of crossover operator for IGA

Crossover is the most significant operation in IGA, which
determines the global search ability. In order to apply
IGA to JSSP, it is important to guarantee the offspring
having feasibility, variety, and a good succession for the
parent generation’s excellent characteristics when design-
ing the crossover operator. Zhang et al. [21] proposed a
POX (precedence operation crossover) operator based on
the process encoding scheme. This operator can inherit the
parent’s excellent characteristics very well and make the
offspring always feasible; but it did not consider whether
the population can keep variety after several generations of
the crossover operation. To be exact, the POX operator
keeps the work piece position on the machine of the parent
chromosome and makes the offspring inherit it; but it is just
because of the preserved fragment of the parent chromo-
some that makes it possible that the individual reverted to a
certain parent after several crossover operations, which
leads to degeneration of the colony. Therefore, a modified
POX operator is proposed in this study. This operator adds
a shift step for the gene locus of the chromosome based on
the original POX crossover procedure. With this step it
makes the gene locus of every generation’s chromosome
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differ from any previous generation before crossover, so it
avoids the individual reverting problem in the original POX
operator and takes the population variety into account at the
same time. Suppose there are Parent] and Parent2 in parent
nxm chromosomes and they generate Childl and Child2
after performing the modified POX operator. The detail
procedures of the modified POX crossover operation are
listed as follows.

1. Define two temp array variables ChildI[] and Child2[]
to store the offspring.

2. Randomly select a particular work piece number from
Parent] and Parent2, then copy the genes with this
work piece number to the relevant position of ChildI[]
and Child2[] according to their gene positions in the
parent chromosome.

3. Shift the genes in ChildI[] and Child2[] to the left or right
according to the shift quantity that is generated randomly.

4. According to the gene sequence in Parentl, copy the
genes with the remaining work piece numbers to the
spare position of Child2[]; on the other hand, according
to the gene sequence in Parent2, copy the genes with
the remaining work piece numbers to the spare position
of ChildI[].

3.3.4 Design of mutation operator for IGA

When the fitness of the offspring stops evolution and does
not achieve the optimal value after the crossover operation,
the mutation operation can change the early mature
phenomenon of IGA to a certain extent and improve the
variety of the colony. In this paper a SWAP method
proposed by Wang [16] was adopted to design the mutation
operator. The detailed procedure is shown as follows.

1. Define one temp array variable Child[] to store the
offspring.

2. Randomly select two different work piece numbers

from Parent, then copy the genes with these work piece

numbers to the relevant position of Child[] according to

their gene positions in the parent chromosome.

Randomly generate the shift quantity and direction.

4. Shift the genes in Child[] according to the shift quantity
and direction.

W

5. According to the gene sequence in Parent, copy the
genes with the remaining work piece numbers to the
spare position of Child[].

3.3.5 Design of immune operator for IGA

3.3.5.1 Vaccination Suppose a population is 4={x;, x,,...
X,}, then the vaccination on 4 means the operation carried
out on n, = P; x n individuals which are selected from 4 in
proportion as P;. For a certain chromosome x; (i=1,2,...,n),
the vaccination operation is to modify the genes on some
particular gene positions according to the vaccine that is
abstracted from the prior knowledge of the pending
problem in Section 3.3.2 and make the antibody have a
better fitness with bigger proportion. The detailed
vaccination procedures are listed as follows.

1. For each machine M; (i=1,2,...,m), select the work piece
and make the matrix M;; = [m_)w,m_)u, 7m—>mj} based
on the gene sequence of this machine in the pending
vaccination chromosome x; (i=1,2,...,n), where
mi;(i=1,2,...,mj=1,2,...,m) is the work piece
processing sequence of machine M,.

2. For each line in matrix M;;, perform the sort operation
according to the SPT principle.

3. According to the sorted matrix M;; and process
constraints, revert to chromosome.

3.3.5.2 Immune selection This operation is accomplished by
the following two steps. The first one is the immune test, i.e.
testing the antibodies. If the fitness is smaller than that of the
parent, which means serious degeneration must have happened
in the process of crossover or mutation, then instead of the
individual the parent will participate in the next competition;
the second one is the modified preferential selection algorithm
[22], whose detailed steps are shown as follows.

1. Calculate the approximate sum of fitness S, according
to Eq. 3:

Sp=nXx (favg _fl;zin) (3)

where n is the population scale, f,,, is the average fitness
of each generation, and f;,;, is the minimum fitness of each
generation.

Table 2 Crossover and mutation probabilities for MT10x10 and MT20x5 problems

MT10x10 MT20x5

GA SyGAl SyGA2 HTGA IGA GA SyGA1l SyGA2 HTGA IGA
Pe 0.6 0.8 0.8 0.8 - 0.6 1.0 0.6 0.8 -
Pm 0.3 0.7 0.9 0.1 - 1.0 0.8 0.7 0.1 -

GA, SyGAl, and SyGA?2 are the methods proposed by Tsujimura et al. [23]
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Table 3 Computational results using different methods for the MT10x10 (optimal: 930)

Method GA SyGA1l SyGA2 MGA HTGA IGA
Best 966 937 930 930 930 930
Average 993 965.85 965.5 953.7 943.48 938.4

GA, SyGAl, and SyGA2 are the methods proposed by Tsujimura et al. [23]. MGA is the method proposed by Wang and Zheng [24, 25]. HTGA

is the method proposed by Liu et al. [26]

2. Calculate the individual selected proportion p; with
Eq. 4:

pi = (fi = fmin) [ Sn- 4)

3. Sum the proportion p; and get the total proportion g;:

a=>n )

4. Randomly generate an evenly distributed number »
between [0,1].

5. Compare r and g;, if g;1<r<g, then select individual i
into the next generation.

4 Computational results and comparisons

In order to test the IGA approach for JSSP in this study, the
same examples as those considered by Tsujimura et al. [23],
Wang and Zheng [24, 25] and Liu et al. [26], the famous
MT10x10 and MT20x5 problems were simulated, and the
performance of our proposed IGA approach was compared
with the performances of those GA based approaches
proposed in references [23-26].

The same evolutionary environments as those considered
by Tsujimura et al. [23], i.e. a population scale of 40 and a
maximum generation number of 5,000, were adopted in this
paper. Other evolutionary environments such as the
crossover probability (p.) and the mutation probability
(p,n) are summarized in Table 2. Because our IGA method
employed the adaptive genetic algorithm (AGA) which
calculated p,. and p,, dynamically, the p. and p,, are denoted
as “-” (means adaptive) in Table 2. Because the MGA
method proposed by Wang and Zheng [24, 25] combines a
GA with a simulated annealing (SA), the definition of the
evolutionary environments is different from those of the

GA. Therefore, the evolutionary environments in the MGA
cannot be compared with those of GA-based methods.

The best makespan and the average makespan for 100
random runs using the proposed IGA approach, and those
GA-based methods were, respectively, shown in Tables 3
and 4. The optimal value of each MT problem was also
given in Tables 3 and 4.

According to Tables 3 and 4, it can be seen that:

1. For the MT10x10 problem, the proposed IGA approach
can find the optimal makespan, the quality of which is
equivalent to the MGA method given by Wang and
Zheng [24, 25] and the HTGA method given by Liu et
al. [26], but the average makespan obtained by using
the proposed IGA approach is better than that obtained
by using the other five methods.

2. For the MT20x%5 problem, the proposed IGA approach
gives a most optimal value, but it can achieve a smaller
average value than that achieved by using the method
proposed by Wang and Zheng [24, 25] and it can give a
better best and average makespan than those GA-based
methods given by Tsujimura et al. [23].

3. Therefore, the proposed IGA approach can be regarded as
a feasible and efficient algorithm for solving the JSSP.

5 Conclusion and future work

In this paper, a novel scheduling algorithm named IGA has
been applied to solve the job-shop scheduling problem. The
IGA approach combines the SGA immune theory, which
can improve the global exploration performance of GA.
Firstly, the framework of the IGA approach was presented,
and then the vaccine selection method was proposed based
on the experience of the actual shop floor scheduling
problem and the operators of IGA are modified. Finally, the

Table 4 Computational results using different methods for the MT20x5 (optimal: 1,165)

Method GA SyGAl SyGA2 MGA HTGA IGA
Best 1,210 1,189 1,178 1,165 1,165 1,168
Average 1,251.1 1,214.9 1,233.75 1,179.22 1,172.5 1,175.5

GA, SyGAl, and SyGA?2 are the methods proposed by Tsujimura et al. [23]. MGA is the method proposed by Wang and Zheng [24, 25]. HTGA

is the method proposed by Liu et al. [26]
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simulating experiments of famous MT10x10 and MT20x5
problems were executed. In these problems studied, there
are numerous local optima, and therefore, these problems
are challenging enough for evaluating the performances of
the proposed IGA approach and those GA-based
approaches proposed by Tsujimura et al. [23], Wang and
Zheng [24, 25] and Liu et al. [26]. The experimental results
shows that applying IGA to solve JSSP is not only feasible
but also effective. But there are still issues for the author to
research as future work such as the computational com-
plexity of IGA for JSSP, or the problem of how to find a
much more appropriate immune to figure out the job shop
characteristics. Above all, this methodology provides a new
approach to solve the job-shop scheduling problem.
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