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Abstract: In many industrial setups, setup time on machines during the processing of given jobs in flow 
shop has great impact on the objective considered; hence the setups need to be taken separately during the 
process. Two types of setups exist in flow shop scheduling problem namely sequence-independent and 
sequence-dependent setup times. Scheduling of jobs with sequence-dependent setup times in flow shop 
scheduling is the most complicated case in the theory of scheduling. The main concern in this paper is the 
sequence-dependent setup time in which the setup time depends on the job type to be done and just 
completed. In this paper, a heuristic algorithm for solving bi-criteria flow shop problem with sequence-
dependent setup times is proposed. The bi-criteria objective considered is the minimization of the 
operational cost of machines subject to minimum makespan in a flow shop whenever the setup times on 
machines are sequence-dependent. As the problem is NP-hard, the proposed heuristic algorithm finds the 
latest time at which the machines should start so as to reduce their operating time and hence the 
operational cost subject to minimum makespan. The problem discussed in the paper can easily be seen in the 
industrial setups where expensive machinery is in operation or it is difficult to start or stop the 
machines due to operations technical limitations. The proposed algorithm makes use of famous NEH 
algorithm with a new tie-breaking rule. The tie-breaking rule breaks the tie for sequences with equal 
makespan during the run of algorithm. The starting of machines at latest time reduces the operating 
time and hence the operational cost of machines. The proposed heuristic algorithm when applied to 
given set of data reduced the total operational cost of machines from 2166 units to 2040 units subject to 
minimum makespan 90 units thereby reducing the total cost of machines by 126 units. A numerical 
example is also given to substantiate the algorithm.
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1. INTRODUCTION 

Scheduling is the allocation of resources over time to perform a collection of tasks to optimize one or more 
objectives. In general flow shop scheduling problem, n-jobs are to be scheduled on m-machines in some particular 
order and passing of jobs is not permitted (Baker 1974). The problem undertakes some assumptions: All jobs and 
machines are available at the beginning of processing.  Pre-emption of jobs is not permitted. The machines are 
available throughout the processing and never breakdown.  Each job is processed through each of the machine once 
and only once. The setup times are separated from processing time and are known.  Each machine can perform only 
one task at a time.  Machines may be idle.  

The earliest research in the scheduling literature solves the two stage flow shop problem by giving the optimal 
solution for makespan minimization (Johnson 1954). The processing time of jobs included the setup times if any 
during the processing (Palmer 1965; Campbell el al. 1970; Nawaz et al. 1983). The NEH algorithm given by Nawaz 
et al. (1983) is considered to be the best heuristic algorithm for solving makespan as objective in flow shop 
scheduling. As mentioned they considered the setup times included in processing time of jobs.  But in real situations 
of scheduling problems, there is a need for considering the separate setup times as it has great impact on the measure 
of performance considered. The setups times in scheduling theory can be grouped into two types; one being the 
sequence-independent setup times and second being the sequence-dependent setup times in which the setup times on 
machines depend upon the type of job to be processed and the type of job just processed. Allahverdi et al. (1999) 
surveyed the literature of scheduling problems involving setup times till 1999 and then the literature involving setup 
is again reviewed upto 2006 by Allahverdi et al. (2008). The other scheduling survey involving setup times include 
Yang (1999), Cheng et al (2000).  Recently, Aqil and Allali (2018) presented three metaheuristics for minimization 
of makespan in flow shop involving sequence-dependent setup times.  Sequence-dependent setup time is the most 
complicated case of setup times. The multi-purpose machines with different attributes mainly describe the 
environment of sequence-dependent setup times. Some industrial environments having sequence-dependent setups 
on machines are: In the production line of different types of gasoline the amount of setup time depends on the fuel to 
be manufactured and the fuel just produced; the cleaning and setting of the dyes for printing in printing industry is a 
case of sequence-dependent setup as processing of the job depends on its previously scheduled job. It may be due to 
any one of the reasons like difference in color ink, paper size and types used in the previous job, etc. Besides these 
the sequence-dependent setup times are found in stamping operation in plastic manufacturing and roll slitting in the 
paper industry (Yang 1999). 

The concept of scheduling problems with sequence-dependent setup times has attracted many researchers and has 
become an emerging field due to its real life applications (Corwin and Esogbue 1974; Gupta and Darrow 1974; 
Rajendran and Ziegler 1997; Tan and Narasimhan 1997; Rios-Mercado and Bard 1999; Gagne et al. 2002; Rabadi et 
al. 2004; Gupta and Smith 2006; Mirabi 2011; Wang et al. 2017). These researchers considered problems in 
scheduling with single criteria involving sequence-dependent setup times. But in recent years, bi-criteria scheduling 
problem in flow shop with sequence dependent setup times has been an escalating attention of researchers and 
managers. Bi-criteria problems in scheduling are mainly categorized into two classes. In the class one, one out of the 
two criteria to be optimized is taken as objective subject to the second criteria as a constraint. In the second class, the 
two criteria to be optimized forms the objective function. Gupta et al. (2012, 2012a, 2013) formulated bi-criteria 
models belonging to first class for two stage flow shop with objective as minimization of makespan and rental cost 
with different parameters under the environment of sequence–dependent setup times. Mansouri et al (2009) 
considered two machine flow shop scheduling problem with sequence-dependent setup times using pareto-
optimality taking conflicting criteria as minimizing setups and makespan and it belongs to second group. Dhingra 
and Chandna (2010) developed a bi-criteria model for flow shop scheduling problem subject to the minimization of 
weighted sum of total weighted squared tardiness and makespan criterion. Eren (2010) also formulated bi-criteria m-
machine scheduling in flow shop belonging to second group with aim of minimizing weighted sum of total 
completion time and makespan. Sharma et al. (2017) formulated a model falling in the first class of bi-criteria to 
optimize operational cost subject to minimum makespan. . The problem defined by Sharma et al. (2017) is a 
constrained flow shop problem for n-job and m-machine involving sequence-dependent setup times. Their bi-criteria 
model works only when the processing times of jobs on machines follow the condition , ,( 1)min maxi s i sa a ; s = 1, 2, 
3, 4………m-2. If this condition is violated the problem is out of scope of their model. In regards to this, we 
formulated the bi-criteria model belonging to class one with same objective functions with sequence-dependent 
setup times without constraint i.e. the proposed algorithm optimizes the operational cost of machines subject to 
minimum makespan  in multi-stage flow shop with sequence-dependent setup times without any condition on 
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processing times of jobs on machines. The rest of paper is organized as follows: Section 2 gives notations used 
throughout the paper; Section 3 presents the problem formulation; Section 4 describes the algorithm proposed to 
find the optimal sequence of jobs processing to solve the bi-criteria problem; Section 5 illustrates the steps of 
algorithm proposed with the help of numerical illustration and the conclusion is drawn in Section 6 followed by 
references. 

2. NOTATIONS
The following notations have been used throughout the paper: : Jobs sequence 1, 2, 3… n; : Sequence with 

minimum makespan; Ji: ith job, i = 1, 2, 3…n;Ml : lth machine, l= 1,2,….,m; ,i la : Time of processing of the ith

attribute on Ml; ,ij lS : Setup time if ith job is in order just after jth job on Ml; ( )lL : Latest time when Ml starts 

operating for ; , ( )ij lC : Time to complete ith job in order just after jth job for on Ml; , ( )ij lC : Time to 

complete ith job in order just after jth job for on Ml, when it starts processing at ( )lL ; ( )
ltO : Operating time

of Ml, when it starts processing at ( )lL ; ( )
lcO : Operational cost of Ml per unit time; ( )cT : Total operational

cost for of the machines; , ( )nj mC : Makespan

3. PROBLEM FORMULATION
 With the assumptions on the flow shop environment, let the ith job (i=1, 2… n) are processed through m-machines 
in the same order. The multipurpose m-machines possess different attributes for processing of jobs. Let ai,l be the 
processing time of  ith attribute on Ml. Sij,l be the required time to setup Ml if ith job is in order just after jth job on
Ml. The objective is to schedule n- jobs in the sequence so as to minimize the operational cost of the machines
subject to minimum makespan. Table 1 to 3 represents the mathematical model of the problem in matrix form.

Jobs with attributes on machines 

M
ac

hi
ne

 (l
-1

)

Attributes
MachineMl

1 2 3 – – f
1 – J1 – – – –
2 – – J4 – – –
3 J3 – – – – –
– – – – – – J5

– – – – J2 – –
e – Ji – – – Jn

M
ac

hi
ne

 M
l

Attributes
Machine M(l+1)

1 2 3 – – g
1 J3 – – – – –
2 – J1 – – Ji –
3 – – J4 – – –
– – – – – –
– – – – J2 – –
f – J5 – – – Jn

(Ji is designated by its first attribute (row) on the one machine and second attribute (column) on the other machine) 
rocessing time on machines 

Attributes Machine 
M1

Machine 
M2

– Machine 
Mm

1 a1,1 a1,2 – a1,m

2 a2,1 a2,2 – a2,m

3 a3,1 a3,2 – a3,m

– – – – –
e ae,1 ae,2 – ae,m

– – – – –
f af,1 af,2 – af,m

– – – – –
g ag,1 ag,2 ag,m

Sequence-dependent setup time on Ml

Attributes
1 2 3 j n

A
tt

ri
bu

te
s

1 – S12,l S13,l S1j,l S1n.l

2 S21,l – S23,l S2j,l S2n,l

3 S31,l S32,l – S3j,l S3n,l

- –
i Si1,l Si2,l Si3,l Sij,l Sin,l

- –
n Sn1,l Sn2,l Snj,l –

125



Nailwal et al., Multistage flow shop scheduling with bi-criteria objective using sequence dependent setup times 

(If the attribute in row i is in order just after the attribute in column j)
Now, the problem mathematically can be defined as: Minimize

1 2 2 3 3 1 11
1 m m m m

n
c i c t c t c t c t c

i
T a O O O O O O O O O

Subject to constraint: Minimum , ( )nj mC

4. ALGORITHM PROPOSED

The steps of proposed algorithm for solving bi-criteria multistage flow shop scheduling problem to optimize 
operational cost of machines subject to minimum makespan is given below. The proposed algorithm finds the latest 
times of machines at which they should start so as to minimize the operational cost of m-machines subject to 
minimum makespan. Before going to steps of algorithm, let us explain the tie-breaking rule used in the algorithm to 
break the tie in case the two or more jobs have the same makespan. 

4.1.  Tie-breaking rule 

During the generation of sequences in the algorithm, more than one sequence may have the same makespan value. 
The tie is broken with the help of following procedure: 
Calculate the operational cost of the machines for all the sequences with tie by the equation 

1 2 2 3 3 1 11
1 m m m m

n
c i c t c t c t c t c

i
T a O O O O O O O O O .The sequence with the minimum

operational cost is selected as the best sequence and is taken further for calculations. If a tie occurs again, sequence 
is randomly selected. This tie breaking rule will be applied during the run of the algorithm whenever we get more 
than one sequence with the same minimum makespan. 

4.2. Algorithm 

Step 1: Calculate Ti for every job Ji (i=1,2,3…,n) on given m-machines given by the expression: ,
1

m

i i j
j

T a

Step 2: Exhibit the job list according to the decreasing values of Ti so obtained in step 1.
Step 3: Apply NEH algorithm (1983) to obtain the sequences having minimum makespan with regards to 
sequence-dependent setup times. 
Step 4: Compute the latest time ( )mL  of machine m for sequence of jobs as

1
, , ,

1 1

n n
m nj m i m ij m

i i
L C a S

Step 5: For the sequence of jobs processing, evaluate: 1( 1) 1,( 1)( ) ( ) ( )m m mY L a
1 1 2

( 1) ,( 1) ,( 1) , ,
1 1 1 1

( ) ( ) ( ) ( ) ( ); 2,3,......,
q q q q

q m m i m ij m i m ij m
i i i i

Y L a S a S q n

1 ( 1)1
( ) min ( ) ,m q mq n

L Y
1 ,( 1) 1( ) ( ) ( )

mt nj m mO C L

Now, for l = (m-1), (m-2)……..3, enumerate 1( 1) 1,( 1)( ) ( ) ( ),l l lY L a
1 1 2

( 1) 1,( 1) ,( 1) , ,
1 1 1 1

( ) ( ) ( ) ( ) ( ) ( ); 2,3,......,
q q q q

q l l l ij l i l ij l
i i i i

Y L a S a S q n

3 31 6
( ) min ( ) ,qq

L Y
1 ,( 1) ( 1)( ) ( ) ( )

lt nj l lO C L

Step 6: Calculate total minimum operating cost of the machines for sequence { } of jobs

1 2 2 3 3 1 11
1 m m m m

n
c i c t c t c t c t c

i
T a O O O O O O O O O

5. NUMERICAL ILLUSTRATION
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To test the proposed algorithm the following illustration is carried out with the given data set. Consider five jobs to 
be processed on three machines. The attributes of jobs to be processed on three machines are given in the table 4 and 
5. The processing times on the three machines for five jobs considered are given in table 6. Sequence-dependent
setup times on M1, M2 and M3 for five having different attributes are given in table 7 to 9.

Data set for attributes of jobs on 
machines M1 and M2

M
ac

hi
ne

 M
1 Attributes

Machine M2

1 2 3 4
1 – J1 – J2

2 – – J4 –
3 J3 – – J5

Data set for attributes of jobs on 
machines M2 and M3

M
ac

hi
ne

 M
2

Attributes
Machine M3

1 2 3 4 5
1 – J3 – – –
2 – – J1 – –
3 – – – J4 –
4 J2 – – – J5

 Processing time of jobs on machines 
Jobs Machine M1 Machine M2 Machine M3
J1 10 9 8
J2 5 6 7
J3 11 12 9
J4 10 15 13
J5 20 17 12

 Data set for sequence –dependent setup 
time on machine M1

Attributes

A
ttr

ib
ut

es 1 2 3
1 – 3 2
2 4 – 1
3 2 2 –

(If attribute in row i is in order just after attribute in 
column j)

Data set for sequence –dependent setup 
time on machine M2

Attributes

A
ttr

ib
ut

es

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

(If attribute in row i is in order just after attribute in 
column j)

Data set for sequence –dependent setup 
time on machine M3

Attributes

A
ttr

ib
ut

es

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

(If attribute in row i is in order just after attribute in 
column j) 

Let the operational cost per unit for the M1, M2 and M3 be 9 units, 11 units and 13 units respectively. The task is to 
find the job sequence which gives minimum operational cost subject to minimum makespan. 

Solution: As per step 1, the Ti (i= 1,2,3,4,5) values for jobs are 27,18,32,38 and 49.  With step 2, we get the list with 
decreasing values of Ti as {5,4,3,1,2}. Using NEH algorithm (1983) as per step 3, we get two sequences J4– J2 – J5 –
J3 – J1 and J4– J5 –J3 –J1 –J2 with minimum maxC = 90. The cost corresponding to these sequences are 2204 units and 
2166 units  

Flow table of jobs for sequence

Jobs
Machine M1 MachineM2 MachineM3

Flow In –
Out

Flow In –
Out

Flow In –
Out

J4 0–10 10–25 25–38
J5 12–32 32–49 49–61
J3 32–43 50–62 62–71
J1 45–55 65–74 74–82
J2 55–60 75–81 83–90

 Flow table of jobs for sequence

Jobs
Machine M1 MachineM2 MachineM3

Flow In –
Out

Flow In –
Out

Flow In –
Out

J4 0–10 12–27 33–46
J5 12–32 32–49 50–62
J3 32–43 50–62 63–72
J1 45–55 65–74 74–82
J2 55–60 75–81 83–90
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respectively. Applying the tie-breaking rule, the best sequence is the sequence with minimum operational cost say 
i.e. = J4– J5 –J3 –J1 –J2 with regard to sequence-dependent setup time on machines. The In-Out flow table of 

jobs with due regards to sequence-dependent setup times for the sequence is given in table 10. 

As per step 4,
1

3 ,3 ,3 ,3
1 1

( ) ( ) ( )
n n

nj i ij
i i

L t a S = 90 –49 – 8 = 33

Therefore, the operating time of machine 3, 
3 ,3 3( ) ( ) ( )t njO C L = 90 – 25 = 57 units

Enumerate the following values as per algorithm step 5, Y12 = 3 1,2( )L a = 33 – 15 = 18, Y22 = 12, Y32 = 15, Y42 =
13, Y52 = 16 
Therefore, the latest time at which machine 2 is started = 2 21 5

( ) min ( )qq
L Y = 12. Also, ,2 81njC ,

2 ,2 2 81 12 69t njO C L

The flow table of jobs for the sequence with latest time is given in table 11. Here, the minimum total elapsed
time, ,3( )njC = 90 units. Total minimum operational cost of machines =

1 2 2 3 3,1( ) ( ) ( )c nj c t c t cT C O O O O O
= 60 9 69 11 57 13 = 2040 units. 

6. CONCLUSION

A bi-criteria multistage flow shop scheduling problem is considered with sequence-dependent setup time of the jobs 
for minimizing operational cost of machines subject to minimum makespan. The starting of machines for jobs 

processing if done at latest time
1

, , ,
1 1

( ) ( ) ( ) ( )
n n

m nj m i m ij m
i i

L C a S , it reduces the operating time and 

hence minimizes the total operational cost of machines. It is observed from the illustration given in support of the 
proposed algorithm that there is a effective decrease in the operational cost of machines subject to minimum 
makespan. The machine M2 and M3 when started at latest times L2= 12 and L3= 33 reduces the total cost of machines 
from 2166 units to 2040 units subject to minimum makespan of 90 units, thereby making the effective decrease by 
126 units. Hence, the proposed algorithm is efficient in optimizing the bi-criteria involving operational cost and 
makespan. The study may further be extended by introducing some other conflicting objectives or can be extended 
to multi-criteria objectives.  
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