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a  b  s  t  r  a  c  t

Finding  feasible  scheduling  that  optimize  all objective  functions  for  flexible  job  shop  scheduling  problem
(FJSP)  is considered  by many  researchers.  In this  paper,  the  novel  hybrid  genetic  algorithm  and  simulated
annealing  (NHGASA)  is  introduced  to solve FJSP.  The  NHGASA  is  a combination  of  genetic  algorithm  and
simulated  annealing  to propose  the algorithm  that is  more  efficient  than  others.  The  three  objective
functions  in  this  paper are:  minimize  the  maximum  completion  time  of  all the  operations  (makespan),
minimize  the  workload  of the most  loaded  machine  and  minimize  the total  workload  of  all  machines.
eywords:
lexible job shop scheduling problem
areto optimal solution
enetic algorithm
imulated annealing
ulti objective genetic algorithm

Pareto  optimal  solution  approach  is  used  in  NHGASA  for  solving  FJSP.  Contrary  to  the  other  methods  that
assign  weights  to all objective  functions  to reduce  them  to one  objective  function,  in the  NHGASA  and
during  all  steps,  problems  are  solved  by three  objectives.  Experimental  results  prove  that  the  NHGASA  that
uses  Pareto  optimal  solutions  for solving  multi-objective  FJSP  overcome  previous  methods  for  solving
the  same  benchmarks  in  the  shorter  computational  time  and  higher  quality.
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. Introduction

Classical job shop scheduling (JSP) can be stated as follows: there
re m different machines and n different jobs to be scheduled. Each
ob is composed from a set of operations, and the operation order
n machine is pre-specified. Each operation is characterized by
equired machine and the fixed processing time. All machines are
vailable in the starting time and also all jobs can be processed at
ime 0. JSP is well-known to be Np-hard [1]. Nowadays, in the highly
ompetitive environment of industries, if all requirements want to
e satisfied, flexible systems should be utilized with high efficiency.
JSP is a generalization of the JSP [2]. FJSP can be separated in two
ub-problems [3]: 1. Routing sub-problem that assigns each oper-
tion to available machines. 2. Scheduling sub-problem that define
he operation sequences of all the jobs. These two  sub-problems
re used to generate the feasible solution for FJSP to optimize the
bjective functions. Brucker and Schile [4] propose a polynomial
lgorithm for two-job problems. FJSP is extremely harder than
SP. FJSP is NP-hard and combinatorial as well. Therefore, it can-
Please cite this article in press as: Shahsavari-Pour N, Ghasemishabankareh
flexible  job shop scheduling. J Manuf Syst (2013), http://dx.doi.org/10.1016

ot be solved by exact methods [1] because the computation time
ncreases exponentially. In the recent years, a lot of researches
ave been carried out to propose methods that can solve FJSP in
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the reasonable computation time and can find optimal or approx-
imate optimal solution. In particular, due to complexity of the JSP
and FJSP, meta-heuristic methods are generally proposed such as
tabu search (TS) [5], simulated annealing (SA) [6], particle swarm
optimization (PSO), ant colony optimization (ACO) [7], GA [8], and
immune algorithm [9].

During solving FJSP in the real cases, hierarchical approach
and integrated approach have been used [3]. The hierarchical
approach makes the problem easier by dividing the FJSP into a
sequence of sub-problems. Brandimarte [10] proposed the hier-
archical approach for the FJSP. In hierarchical approach assigning
operations to machines and also defining job sequences are consid-
ered as two separate problems. Meanwhile, assigning operations
to machines and also defining job sequences are being considered
simultaneously.

Different approaches of TS for solving FJSP were proposed in
Hurink et al. [11] and Dauzère-Pérès’s paper [12]. Due to, GA is
one of the most effective methods for combinatorial optimiza-
tion problems, therefore, most of FJSP were solved by GA. By
altering GA or combining this method with other algorithms it
can be more effective for solving FJSP. Each of these methods is
varied in different aspects such as encoding scheme, dispatching
rules, generating initial population, creating offspring, and objec-
 B. A novel hybrid meta-heuristic algorithm for solving multi objective
/j.jmsy.2013.04.015

tive functions. Yang [13] proposed the algorithm based on genetic
algorithm and discrete dynamic programming. Also multistage
genetic algorithm proposed in [14] to solve FJSP. Ref. [15] solved the
multi-objective FJSP by using dispatching rules discovered through

 of Manufacturing Engineers.
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enetic programming. An effective bi-population based estimation
f distribution algorithm (BEDA) was proposed to solve FJSP in [16].
heng et al. [17] proposed a model for FJSP with transportation con-
traints and bounded processing times. Ulungu et al. [18] used SA
nd Wu and Xia [19] combine PSO and SA to solve FJSP. An improved
A combined with TS in [20] and also PSO combined with TS as

ocal search in [21] was proposed to solve the multi objective FJSP.
n [22] a variable neighborhood search (VNS) algorithm based on
ntegrated approach was proposed to solve bi-criteria FJSP.

In this paper, the novel hybrid meta-heuristic (NHGASA) algo-
ithm is introduced to solve multi objective FJSP. The NHGASA
lgorithm decreases computation time and extremely increases
uality of the solutions for multi objective FJSP. This novel hybrid
eta-heuristic (NHGASA) algorithm is the combination of GA and

A. Whereas previous methods were forced to run the algorithm
ore than once to obtain a set of optimal solutions, NHGASA is

sing Pareto optimal solution in its process, therefore, in the last
eneration the set of optimal solutions is calculated. Obviously this
spect can save time. This is one of the most important aspects
f the NHGASA. The three objectives are considered to minimize:
akespan, critical machine workload, and total workload of all
achines. While other methods assign weights to each objec-

ive function and change it to a single objective problem, another
nnovation of this paper is using efficiently Pareto optimal solu-
ion (multi-objective genetic algorithm (MOGA)) to solve FJSP with
hree objectives from the beginning to the end. The experimental
esults prove that the multi-objective results of NHGASA algorithm
vercome other approaches to solving the same benchmarks in the
horter computation time and higher quality.

The paper is organized as follows. Section 2 gives assumption
nd the mathematical formulation of FJSP. Section 3 describes solv-
ng method of FJSP that shortly describes the MOGA concepts used
or FJSP and proposing NHGASA method. Section 4 analyzes the
erformance results of NHGASA when applied to solve common
enchmarks in literature. Finally, Section 5 gives some concluding
emarks and directions for future work.

. Mathematical formulation

The FJSP considers n jobs to be processed on m machines while
inimizing the objective functions. There is a set of n jobs J = {1, 2,

, . . .,  n} and m machines M = {1, 2, 3, . . .,  m}.  The assumptions in
he FJSP are as follows:

1) All machines are available at time 0.
2) All jobs can be started at time 0.
3) Each machine can process only one operation at a time.
4) Once an operation begins on a machine, it must not be inter-

rupted.
5) The order of operations for each job is pre-specified.
6) Neither release times nor due dates are specified.
7) Job transportation time among machines is not considered.

Before describing the mathematical model it is better to define
ome symbols and notifications as follows:

K a set that defines number of operations for each job. If K (i) = j, it
defines that job j has i operations
CK(i)ij completion time of K(i)th operation of job i on machine j
tlij processing time of lth operation of job i on machine j
Tj the sum of the time that machine j is doing process
Please cite this article in press as: Shahsavari-Pour N, Ghasemishabankareh
flexible job shop scheduling. J Manuf Syst (2013), http://dx.doi.org/10.101

The three objective functions (which have been used to evalu-
te the efficiency of NHGASA algorithms in solving multi-objective
JSPs) can be described as the following. Eq. (1) gives the first
 PRESS
 of Manufacturing Systems xxx (2013) xxx– xxx

objective makespan and also means to minimize the maximum fin-
ishing time considering all the operations. Eq. (2) gives the second
objective which is to minimize the workload of the most loaded
machine. Eq. (3) gives the third objectives that minimize the total
workload of machines:

F1 : Min  max{Ck(i)ij}; K(i) ∈ K; i ∈ J; j ∈ M (1)

F2 : Min  max

{
Tj =

n∑
i=1

k(i)∑
l=1

tlij

}
(2)

F3 : Min

⎧⎨
⎩

m∑
j=1

Tj

⎫⎬
⎭ (3)

s.t.

Clij − tlij ≥ C(l−1)ip; L = 1, 2, . . . , K(i);

i = 1, 2, . . . , n; p, j = 1, , 2, . . . , m (4)

Clij − tlij ≥ CQEj; Q, L = 1, 2, . . . , K(i);

E, i = 1, 2, . . . , n; j = 1, 2, . . . , m (5)

Clij ≥ 0; L = 1, 2, . . . , K(i); i = 1, 2, . . . , n; j = 1, 2, . . . , m (6)

All objective functions are minimization. The two basic
processing constraints are shown in Eqs. (4) and (5). The precedence
constraints among operations of the same job should be followed
(Eq. (4)). Each machine becomes available to other operations when
the operations currently assigned are completed (Eq. (5)).

3. Solution procedure

Before defining the solution procedure it is better to briefly
describe the MOGA approach.

3.1. MOGA procedure

One of the most useful meta-heuristic algorithms for solving
multi-objective optimization is GA. About, 90% of multi-objective
optimization algorithms used Pareto front to solve problems and
more than 70% meta-heuristics algorithms were related to evolu-
tionary algorithms [23]. There are a lot of different approaches to
solving multi objective optimization by GA. In this paper, MOGA
[24] is used efficiently to solve multi objective FJSP.

MOGA [25] was the first multi-objective GA that clearly used
ranking of solutions and niching approach at the same time to
search efficiently in the true Pareto front while existing diversity in
the population. Different steps of MOGA are given as follows:

Step 1. Ranking the population

This method of ranking was  proposed by Fonseca and Fleming
[25]. In this method, the ranking of each solution (x) in the (tth)
generation is calculated by Eq. (7). DS(x,t) is the number of solutions
that dominate x in the tth generation.
 B. A novel hybrid meta-heuristic algorithm for solving multi objective
6/j.jmsy.2013.04.015

R(x, t) = 1 + DS(x, t) (7)

Step 2. Calculating fitness value

dx.doi.org/10.1016/j.jmsy.2013.04.015
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All following parameters should be entered by user:
GN‘Pop_size‘Pc‘Pm‘TS‘NE‘NS‘TR‘R‘S‘α

Tables 1 and 2 are entered by user

Generate initial population

Evaluate fitness functions:F1,F2,F3 for all individuals

NS solutions are randomly selected and Improved by SA

By MOGA procedure Fit’’(x,t) is calculated for all individuals(Eq.12)

NE of the best individuals are moving to the next generation
according to theirFit’’(x,t)

(Pop_size – NE) individuals are selected by tournament selection
procedure

Creating offspring by using genetic operators

If G0<GN ?

G0=G0+1

End

No

yes
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According to first step, the fitness value is evaluated for each
olution (x) in the (tth) generation by Eq. (8).

it(x, t) = N −
R(x,t)−1∑

k=1

nk − [0.5 × (nR(x,t) − 1)] (8)

 is the population size; R(x,t) is the ranking of solution x in tth
eneration; nk is the number of solution with rank k; nR(x,t) is the
umber of solution with rank R(x,t).

Step 3. Calculating distance between two points in the solution
space

Calculate distances between all pairs of solutions. The distance
etween solutions x and y is computed by Eq. (9).

isF (x, y) =

√√√√ K∑
k=1

(
Fk(x) − Fk(y)

Fmax
k

− Fmin
k

)2

(9)

max
k

is the maximum value of objective function Fk in each popu-
ation; Fmin

k
is the minimum value of objective function Fk in each

opulation; K is the number of objective functions.

Step 4. Calculating niche count

According to Eq. (9) the niche count for each solution (x) in the
tth) generation of each population (P) is computed by Eq. (10).
share is niche size. Ref. [26] proposed effective approach to estimate
nd update �share.

c(x, t) =
∑

y ∈ P,R(y,t)=R(x,t)

max
{

�share − DisF (x, y)
�share

, 0
}

(10)

Step 5. Calculating modified fitness value

Modified fitness value for each solution (x) is calculated by Eq.
11).

it′(x, t) = fit(x, t)
nc(x, t)

(11)

Step 6. Calculating the normalized fitness

Normalized fitness is calculated by Eq. (12).

it′′(x, t) = fit′(x, t)nR(x, t)∑
y ∈ Pt,R(y,t)=R(x,t)fit

′(y, t)
fit(x, t) (12)

At the end of 6th step normalized fitness is used in the selection
rocedure in GA.

.2. Procedure of NHGASA

The NHGASA is a novel hybrid algorithm. This algorithm is the
ombination of GA and SA. Compared to the other algorithms the
HGASA has shorter computation time and higher quality of solu-

ions. The frame work of NHGASA is given as follows; first initial
opulation is generated by GA then exact number of individuals

n each population is improved by SA. If there is no improvement
n SA algorithm, in definite iterations, then a method of altering in
Please cite this article in press as: Shahsavari-Pour N, Ghasemishabankareh
flexible  job shop scheduling. J Manuf Syst (2013), http://dx.doi.org/10.1016

ach individual is changed (Fig. 3). This is the most important and
ensitive aspect about SA in the NHGASA algorithm. The general
ramework of the NHGASA is shown in Fig. 1.

Now the procedure of NHGASA is given as follows:
Fig. 1. Basic frame work of NHGASA.

Step 1. Representation

For representing approaches three critical issue emerged con-
cerning with encoding and decoding between chromosomes and
solutions. 1. Feasibility of chromosome, it means that whether a
solution decoded from a chromosome lies in the feasible region
of the given problem. 2. Legality of a chromosome, it means that
whether a solution decoded from a chromosome does not lie out-
side of solution space. 3. Uniqueness of chromosome, it means after
decoding chromosome to the solutions only one solution should be
obtained from each chromosome and vice versa. After solving the
FJSP, the sequences of the operations should be identified and the
machines that process the operations should be defined as well.
Therefore, each schedule needs two chromosomes. The represen-
tation method that is used in this paper is captured from [21]. In
this method, each solution consists of two  parts: parts A and B. Part
A, represents the machines that process the operations and part B,
illustrates a sequence of the operations. The number of genes in
each part is equal to the sum of the operations in all jobs. For part A
each gene value shows machine’s number and in part B shows the
job’s number. It should be considered that number of each job that
 B. A novel hybrid meta-heuristic algorithm for solving multi objective
/j.jmsy.2013.04.015

is repeated in part B must be equal to the number of that job’s oper-
ations. Fig. 2 illustrates the sample chromosome for the example of
5-machines and 4-jobs that is presented in Table 1.

dx.doi.org/10.1016/j.jmsy.2013.04.015
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Table  1
4 × 5 with 12 operations problem.

Job Operation Processing time for machine Mi

M1  M2 M3  M4 M5

J1 1 2 5 4 1 2
2  5 4 5 7 5
3  4 5 5 4 5

J2 1  2 5 4 7 8
2  5 6 9 8 5
3  4 5 4 54 5

J3 1  9 8 6 7 9
2  6 1 2 5 4
3  2 5 4 2 4
4  4 5 2 1 5

J4 1  1 5 2 4 12
2  5 1 2 1 2

M
F
r
a

(
m
i

i
R
i

S
s

P

Xbest

NC>NC0?

Select two genes randomly from part A

Change the value of two genes together

Select two genes randomly from part B

Xnew

Yes No
As shown in Fig. 2 parts A is consisted of machine’s number
 = {1, 2, 3, 4, m = 5} and part B shows the sequence of operations.

or example, job 3 is composed of 4 operations. So number 3 is
epeated just 4 times in part B. Also job 4 consists of 2 operations,
nd number 4 is repeated 2 times only.

Step 2. Define the NHGASA parameters

The parameters for GA are as follows: GN: generation number
stop criterion); Pop size: population size; Pc:  cross over rate; Pm:

utation rate; TS: tournament size; NE:  number of elite solutions
n each generation.

The parameters for SA are as follows: NS:  number of individuals
s improved by SA; Tr:  temperature in SA; ˛: cooling rate of SA;
: external loop of SA; S: internal loop of SA, NC:  number of no

mprovement in solutions.

Step 3. Generate random initial population

The initial population is randomly generated in size of Popsize.
ince the population is obtained randomly the exploration in the
olution space is performed more efficiently.

t = {x , x , . . . , x }; i = 1, 2, . . . , Pop ; t = 1, 2, . . . , GN
Please cite this article in press as: Shahsavari-Pour N, Ghasemishabankareh
flexible job shop scheduling. J Manuf Syst (2013), http://dx.doi.org/10.101

1 2 i size

Step 4. The main genetic algorithm loop

Repeat the following step until G0 < GN, NS0  = 1, NC0 = 0

3 4 2 1 2 1 4 1 5 3 4 2

3 1 1 2 3 4 1 3 2 2 3 4

Part A(machines):

Part B(Operations):

Chromosome
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n
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jo
b
3
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b
3
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,
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b
3

O
p
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o
n
4
,
jo
b
3

Fig. 2. Representation.
Fig. 3. Altering solutions by SA.

Step 4.1. Calculating three objective functions as follows.

F1Pt = max{Ck(i)i,j}; K(i) ∈ K; i ∈ J; j ∈ M (13)

F2Pt = max

{
Tj =

n∑
i=1

k(i)∑
l=1

tlij

}
(14)

F3Pt =

⎧⎨
⎩

m∑
j=1

Tj

⎫⎬
⎭ (15)

Eq. (13) evaluates makespan and Eq. (14) calculates the workload
of the most loaded machine. Eq. (15) calculates the total workload
of machines.

M is a set of machines, M = {1, 2, . . .,  m}  and J is a set of jobs J = {1,
2, . . .,  n}. K is a set that shows the number of job’s operations. Since
K(i) = L means that job ith has L operations. Ck(i)ij is completion time
of K(i)th operation of job i on machine j. tlij is processing time of lth
operation of job i on machine j and finally Tj is the sum of time that
machine j is doing process.

Step 4.2. The main loop of SA

Repeat the following steps until NS > NS0.R0 = 0, S0 = 0

Step 4.2.1. External loop of SA

Select one individual from current population randomly and
assign it to the Xbest. Evaluate objective functions (F1Xbest, F2Xbest,
F2Xbest) by Eqs. (13)–(15). R0 = R0 + 1

Repeat following step until R0 < R otherwise go to step (4.2)

Step 4.2.1.1. Internal loop of SA

Repeat following steps while S0 < S.S0 = S0 + 1
Alter the current chromosome (Xbest) and assign that to the

Xnew. Then evaluate objective functions (F1Xnew, F2Xnew, F2Xnew) for
Xnew by Eqs. (13)–(15). The altering method is illustrated in Fig. 3.
In this altering method first part B of each chromosome is changed if
there is no improvement in all objective values for NC times contin-
uously then part A is changed. This approach to altering extremely
improves each solution in population.
 B. A novel hybrid meta-heuristic algorithm for solving multi objective
6/j.jmsy.2013.04.015

Then calculate �Ci by Eqs. (16)–(18). If Eq. (19) is correct then
Xbest = Xnew.

�C1 = F1Xnew − F1Xbest (16)

dx.doi.org/10.1016/j.jmsy.2013.04.015
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3 4 2 1 2 1 4 1 5 3 4 2

Generate random number in [0,1]
Rand Є[0.1]AndCount=Count+1

Rand<Pc

Select two parents randomly from the
current population

Select two position from 1 to L-1
randomly(L is length of choromosome)

Change the values located between two
positions in chromosomes part A

2 1 3 2 4 5 3 1 2 2 1 5

3 4 2 2 4 5 3 1 2 3 4 2

2 1 3 1 2 1 4 1 5 2 1 5

Part A. Parent 1

Part A. Parent 2

Part A. Offspring 1

Part A. Offspring 2

Cross over for part A

Count<Pop_size/2? End

Cross over part B

In parent 1, Each value of the genes that is equal to the a
and b, then transfer that value to the first offspring

In parent 2, Each value of the genes that isn’t equal to the a
and b, then transfer that value to the first offspring

3 1 1 2 3 4 1 3 2 2 3 4Part B. Parent 1:

Part B. Offspring 1:

Part B. Parent 2: 4 2 1 3 2 1 4 2 1 3 3 3

2 1 1 3 2 4 1 2 3 3 3 4

Considered that a=1 and b=4

3 1 1 2 3 4 1 3 2 2 3 4

4 2 1 3 2 1 4 2 1 3 3 3

1 2 1 3 2 4 1 2 4 3 3 3

No

yes

Yes

No

Part B. Parent 1:

Part B. Parent 2:

Part B. Offspring 2:

ssover

�

�

I

I
c
(

i

(
F
b
f
f
f

Fig. 4. Cro

C2 = F2Xnew − F2Xbest (17)

C3 = F3Xnew − F3Xbest (18)

f �Ci ≤ 0; i = 1, 2, 3−→
Then

Xbest = Xnew (19)

f �Ci � 0 then generate random number y ∈ [0,1]. If Eq. (20) is
orrect then Xbest = Xnew otherwise NC0 = NC0 + 1 and go to step
4.2.1.1).

f y < exp
(−�Ci

T

)
; i = 1, 2, 3; −→

then
Xbest = Xnew (20)

Step 4.2.2. TR =  ̨ × Tr and R0 = R0 + 1 then go to step (4.2.1) then
replace the selected chromosome in step 4.2.1 by Xbest and finally
NS0 = NS0 + 1 and go to step (4.2)

Step 4.3. Main loop of MOGA approach

Calculate ranking of each solution in current population by Eq.
7). Then evaluate distances between all pairs of solutions by Eq. (9).
itness value for each solution in current population is calculated
Please cite this article in press as: Shahsavari-Pour N, Ghasemishabankareh
flexible  job shop scheduling. J Manuf Syst (2013), http://dx.doi.org/10.1016

y Eq. (8). According to the last two steps calculate the Niche count
or x ∈ P by Eq. (10) and then calculate the modified fitness value
or x ∈ P by Eq. (11). Finally evaluate the normalized fitness value
or x ∈ P by Eq. (12).
 operator.

Step 4.4. Elitism approach

Select NE elite individuals from current population and move
them to the next generation. For this purpose first sort the pop-
ulation according to fit′′(x,t). Since all objective functions are
minimization, select NE optimal individuals in the sorted popula-
tion and move them to the next population.

Step 4.5. Selection by tournament

Select (Pop size NE) individuals from current population by
tournament selection procedure. First select TS individuals ran-
domly and then each of these individuals has optimal fit′′(x,t) select
and move to the next generation. This process is repeated until the
number of solutions in the next generation is equal to Pop size.

Step 4.6. Genetic operators

The genetic operators used in this paper are captured from [21].
 B. A novel hybrid meta-heuristic algorithm for solving multi objective
/j.jmsy.2013.04.015

Step 4.6.1. Cross over

In this method, two different approaches are proposed for parts
A and B. Fig. 4 illustrates the cross over operator.

dx.doi.org/10.1016/j.jmsy.2013.04.015
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3 4 2 1 2 1 4 1 5 3 4 2

Generate randomly the number between [0,1]
Rand Є[0,1]AndCount=Count+1

Rand<Pm?

Select one parent randomly from
current generation

Select two genes randomly from 1 to L
(L is length of chromosome)

Exchange the values of two genes

Part A. Parent 1:

Part A. Offspring 1:

?Count<Pop_size End

Part B. Parent 1:

Part B. Offspring 1:

3 4 2 1 5 1 4 1 2 3 4 2

3 1 1 2 3 4 1 3 2 2 3 4

3 1 1 2 2 4 1 3 3 2 3 4

Considered that genes 5 and 9 are
selected

No

Yes

Yes

No

Pm=Pm-(Pm/GN)

o

t
p
h
c

4

f
j
i
r
[

f

Table 2
10 × 10 with 30 operations problem.

Job Operation Processing time for machine Mi

M1  M2  M3  M4  M5  M6  M7  M8 M9 M10

J1 1 1 4 6 9 3 5 2 8 9 5
2  4 1 1 3 4 8 10 4 11 4
3  3 2 5 1 5 6 9 5 10 3

J2 1  2 10 4 5 9 8 4 15 8 4
2  4 8 7 1 9 6 1 10 7 1
3  6 11 2 7 5 3 5 14 9 2

J3 1  8 5 8 9 4 3 5 3 8 1
2  9 3 6 1 2 6 4 1 7 2
3  7 1 8 5 4 9 1 2 3 4

J4 1  5 10 6 4 9 5 1 7 1 6
2  4 2 3 8 7 4 6 9 8 4
3  7 3 12 1 6 5 8 3 5 2

J5 1  7 10 4 5 6 3 5 15 2 6
2  5 6 3 9 8 2 8 6 1 7
3  6 1 4 1 10 4 3 11 13 9

J6 1  8 9 10 8 4 2 7 8 3 10
2  7 3 12 5 4 3 6 9 2 15
3  4 7 3 6 3 4 1 5 1 11

J7 1  1 7 8 3 4 9 4 13 10 7
2  3 8 1 2 3 6 11 2 13 3
3  5 4 2 1 2 1 8 14 5 7

J8 1  5 7 11 3 2 9 8 5 12 8
2  8 3 10 7 5 13 4 6 8 4
3  6 2 13 5 4 3 5 7 9 5

J9 1  3 9 1 3 8 1 6 7 5 4
2  4 6 2 5 7 3 1 9 6 7
3  8 5 4 8 6 1 2 3 10 12

J10 1  4 3 1 6 7 1 2 6 20 6
2  3 1 8 1 9 4 1 4 17 15
3  9 2 4 2 3 5 2 4 10 23

Table 3
Pareto optimal solutions of 4 × 5 problem by NHGASA algorithm.

Objective function F1 F2 F3

Pareto
front

11 10 32
13  7 33
12  8 32

illustrated in Tables 3 and 4. Since NHGASA algorithm uses Pareto
optimal solutions, in the last generation the set of optimal solutions
are calculated as the results.

Table 4
Pareto optimal solutions of 10 × 10 problem by NHGASA algorithm.

Objective function F1 F2 F3
Fig. 5. Mutation operator.

Step 4.6.2. Mutation

Fig. 5 shows the mutation that use in this paper.

Step 4.7. G0 = G0 + 1 and go to step (4)

Step 5. Submitting final population as the results

After the following steps are finished, the last population and its
bjective values are shown as the results of problem.

The NHGASA algorithm is explained comprehensively. Now in
he next section we prove the strength of the NHGASA and com-
are this method to three other methods. It shows that NHGASA
as extreme strength to solve FJSP with higher quality and lower
omputation time in comparison with others.

. Computational results

In order to evaluate the performance of NHGASA algorithm the
ollowing popular benchmark is used [27,28]. Two instances of 4-
ob and 5-machine and 10-job and 10-machine FJSP are presented
n Tables 1 and 2. These examples are solved by NHGASA algo-
ithm and then the results are compared with three other methods
28–30].

The parameters that are defined for NHGASA algorithm are as
Please cite this article in press as: Shahsavari-Pour N, Ghasemishabankareh
flexible job shop scheduling. J Manuf Syst (2013), http://dx.doi.org/10.101

ollows:

4-job and 5-machine parameters: GN = 100, Pop size = 100, Pc = 0.9,
Pm = 0.1, TS = 10, Tr = 10,  ̨ = 0.1, R = 20, S = 5, NS = 20, NE = 10
11  9 34

10-job and 10-machine parameters: GN = 200, Pop size = 100,
Pc = 0.9, Pm = 0.1, TS = 10, Tr = 10,  ̨ = 0.1, R = 20, S = 5, NS = 40, NE = 10

The NHGASA model is programmed by Visual Basic Applica-
tion (VBA) and running on a 2 GHz PC with 512 MB  RAM. Then
all the parameters that are defined above and Tables 1 and 2 are
introduced as inputs to the program. The outputs of the program are
 B. A novel hybrid meta-heuristic algorithm for solving multi objective
6/j.jmsy.2013.04.015

Pareto
front

8 7 41
8  5 42
7  6 42
7  5 43

dx.doi.org/10.1016/j.jmsy.2013.04.015
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Fig. 6. (a) The Gantt chart of Pareto optimal solution 1 (problem 4 × 5). (b) The Gantt chart of Pareto optimal solution 2 (problem 4 × 5). (c) The Gantt chart of Pareto optimal
solution 3 (problem 4 × 5). (d) The Gantt chart of Pareto optimal solution 4 (problem 4 × 5).

Table 5
Comparison of the NHGASA and the AL-CGA (4 × 5 problem).

Algorithm AL-CGA NHGASA NHGASA

Objective function F1 F2 F3 F1 F2 F3 Improvement in F1 Improvement in F2 Improvement in F3

Solution 1 18 8 32 12 8 32 6 0 0

T
C

T
C

Please cite this article in press as: Shahsavari-Pour N, Ghasemishabankareh
flexible  job shop scheduling. J Manuf Syst (2013), http://dx.doi.org/10.1016

Solution 2 18 7 33 13 7 33 

Solution 3 16 9 35 11 9 34 

Solution 4 16 10 34 11 10 32 

able 6
omparison of the NHGASA and other algorithms (4 × 5 problem).

Algorithms F1 F2 F

MOEA-
GLS

16 8 3
16  7 3

GA  + HA 13 7 3
12  8 3

able 7
omparison of the NHGASA and other algorithms (10 × 10 problem).

Algorithms F1 F2 

AL-CGA 8 7 

8  5 

7  5 

PSO-SA 7 6 

GA-HC 8  5 

7 5 
 B. A novel hybrid meta-heuristic algorithm for solving multi objective
/j.jmsy.2013.04.015

5 0 0
5 0 1
5 0 2

3 NHGASA

F1 F2 F3

2 12 8 32
3 13 7 33

3 11 10 32
2 11 9 34

F3 NHGASA

F1 F2 F3

41 8 7 41
42 8 5 42
45 7 5 43

44 7 6 42

42
43

dx.doi.org/10.1016/j.jmsy.2013.04.015
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Table  8
Comparison of the NHGASA and other algorithms (10 × 10 problem).

Algorithms MOEA-GLS NHGASA

F1 F2 F3 F1 F2 F3

Solutions 8 7 41 8 7 41
8  5 42 8 5 42
7  5 43 7 5 43
7  6 42 7 6 42

Time 19.77 s 18.44 s

t
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Fig. 7. (a) The Gantt chart of Pareto optimal solution 1 (problem 10 × 10). (b) The
Gantt chart of Pareto optimal solution 2 (problem 10 × 10). (c) The Gantt chart of
Pareto optimal solution 3 (problem 10 × 10). (d) The Gantt chart of Pareto optimal
solution 4 (problem 10 × 10).
The most important and influential aspect of NHGASA compared
o other algorithms that makes it more efficient is that in the last
eneration all solutions in Tables 3 and 4 are calculated and illus-
rated simultaneously. In other words, all Pareto optimal solutions
re calculated simultaneously and there is no need to run pro-
ram more than once. Figs. 6a–d and 7a–d show the schedule of
ts relevant chromosomes.

Fig. 8a–d shows the evolutionary trend of each population
ccording to the normalized fitness value (fit′′(x,t)) in the tth gen-
ration for 4-job and 5-machine problem. Different values for t are
0, 60 and 100. As shown in Fig. 8a, initial population is scattered

nto the whole solution space. This issue causes better exploration
n solution space. Fig. 8c illustrates convergence of solutions to the
areto optimal solutions. Fig. 8d shows Pareto optimal solutions in
he last generation. As it has been seen in this figure, four solutions
re evaluated simultaneously.

.1. Problem 4-jobs and 5-machines (4 × 5)

Now NHGASA is compared with three other algorithms. In the
28] the 4-job and 5-machine FJSP (Table 1) is solved by AL-CGA

ethod. The results of NHGASA and AL-CGA algorithm are shown
n Table 5.

As shown in Table 5 NHGASA algorithm is immensely stronger
han AL-CGA in the first objective function (F1). While in the other
wo objective functions NHGASA is equal or better than AL-CGA

ethod.
Also this method is compared with GA-HC introduced in [29]

nd MOEA-GLS that proposed in [30]. Table 6 illustrates this com-
arison.

.2. Problem 10-jobs and 10-machines (10 × 10)

In order to evaluate the performance of proposed algo-
ithm in middle-size problems, 10-job and 10-machine FJSP
Table 2) is solved by NHGASA and compared with AL-CGA, MOEA-
LS, GA-HC and also PSO-SA [19]. The results are shown in
ables 7 and 8.

As shown in Table 7 NHGASA obtains four solutions as
areto front for solving 10-job and 10-machine FJSP and the
uality of NHGASA solutions are higher than PSO-SA and also
L-CGA algorithms. Although the NHGASA and MOEA-GLS algo-
ithm obtain the same Pareto front to solve 10 × 10 FJSP,
he computation time for NHGASA, as illustrated in Table 8,
s lower than MOEA-GLS which shows the NHGASA higher
erformance.

All solutions that are obtained from NHGASA have two  important
nd significant characteristics:
Please cite this article in press as: Shahsavari-Pour N, Ghasemishabankareh B. A novel hybrid meta-heuristic algorithm for solving multi objective
flexible job shop scheduling. J Manuf Syst (2013), http://dx.doi.org/10.1016/j.jmsy.2013.04.015

. NHGASA obtains better solution than other methods.

. This algorithm is capable of calculating the best solutions of other
methods merely by running the algorithm once.

dx.doi.org/10.1016/j.jmsy.2013.04.015
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Fig. 8. Evolution of so

. Conclusion and future works

In this paper, a new method called NHGASA, has been pro-
osed for one of the hardest combinatorial optimization FJSP. In
he NHGASA algorithm, Pareto approaches are used to solve FJSP.
y using Pareto optimal solutions the set of optimal solutions is
btained instead of an individual optimal solution. The high per-
ormance of NHGASA undertakes obtaining better solutions or the
ame best solutions of previous works. In the previous sections,
HGASA is compared with other methods. The quality of solutions

n the NHGASA is immensely higher than those of others. While
OGA has slow convergence to the optimal solution, it has pro-

osed and added elitism approaches to the NHGASA to decline the
omputation time. Also applying modified approach for solutions
y the simulated annealing algorithm has caused higher quality of
olutions.

More comprehensive studies can be conducted to apply the
HGASA for other combinatorial optimization problems. Different
JSP data with larger sizes will be gathered and used to solve FJSP
ith NHGASA.
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