
 
Applied Mathematical Sciences, Vol. 1, 2007, no. 58, 2883 - 2894 

 
 
 
 

A Multicriteria Scheduling with 
  

Sequence-Dependent Setup Times 
 

Tamer Eren 
 

Kırıkkale University, Faculty of Engineering  
Department of Industrial Engineering 

71450, Kırıkkale, Turkey 
teren@kku.edu.tr 

 
 

Abstract 
In this paper a multicriteria scheduling problem with sequence-dependent 

setup times on a single machine is considered. The objective function of the 
problem is minimization of the weighted sum of total completion time, maximum 
tardiness and maximum earliness. An integer programming model is developed 
for the problem which belongs to NP-hard class. Only small size problems with 
up to 12 jobs can be solved by the proposed integer programming model. 
Heuristic methods are also used to solve large size problems. These heuristics are 
four tabu search based heuristics and random search method. According to 
computational results the tabu search based methods are effective in finding 
problem solutions with up to 1000 jobs.  
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1. Introduction  

 
Setup includes work to prepare the machine, process or bench for product 

parts or the cycle. This includes obtaining tools, positioning work-in-process 
material, return tooling, cleaning up, setting the required jigs and fixtures, 
adjusting tools, and inspecting material. Scheduling problems involving setup 
times can be divided into two classes; the first class is sequence-independent and 
the second is sequence-dependent setup times. Setup is sequence-dependent if its 
duration depends on both the current and the immediately preceding job, and is  
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sequence-independent if its duration depends only on the current job to be 
processed [1].  

Sequence-dependent setup times are usually found in the situation where the 
facility is a multipurpose machine. Some examples of sequence-dependent setups 
include (i) chemical compounds manufacturing, where the extent of the cleansing 
depends on both the chemical most recently processed and the chemical about to 
be processed and (ii) the printing industry, where the cleaning and setting of the 
press for processing the next job depend on its difference from the colour of ink, 
size of paper and types used in the previous job. The case of sequence-dependent 
setups can be found in numerous other industrial systems, which include the 
stamping operation in plastic manufacturing, die changing a metal processing 
shop, and roll slitting in the paper industry [17]. 

Panwalker and Iskander [14] pointed out that the total completion time and the 
maximum tardiness are the most prominent measures among the scheduling 
objectives in industrial applications. Minimizing the total completion time 
involves maintaining the work-in-process inventory at a low level. Minimizing the 
maximum tardiness involves reducing the penalties incurred for late jobs. On the 
other hand, minimizing the maximum earliness can represent either the customer's 
concerns about inventory holding costs or the manufacturer's concerns about 
holding finished goods in the case where early shipments are not allowed. This 
paper considers the scheduling problem which involves three criteria and 
sequence-dependent setup times on single machine.  

For minimizing total completion time problem with sequence-dependent 
setup, Bianco et al. [3] and Fischetti et al. [6] developed exact solution methods. 
Arcelus and Chandra [2] and Miyazaki and Ohta [11] also studied the same 
problem. Uzsoy et al. [16] provided a branch-and-bound algorithm to minimize 
the maximum tardiness with the constraint of precedence constraints and the 
assumption of non simultaneous ready times. Ovacık ve Uzsoy [13] derived 
various heuristics to minimize the maximum tardiness and non simultaneous 
ready times for jobs. 

Lee and Asllani [9] developed an integer programming model and a genetic 
algorithm for bicriteria problem (objective of minimizing makespan and number 
of tardy) with sequence-dependent setup times. Eren and Güner [5] developed an 
integer programming model and a tabu searh for minimizing sum of total 
completion time and total tardiness with sequence-dependent setup times.  

Scheduling decisions frequently involve consideration of more than one 
criterion. The bicriteria scheduling problems are generally divided into three 
classes. In the first class, the problem involves minimizing one criterion subject to 
the constraint that the other criterion has to be optimized. In the second class, both 
criteria are considered equally important and the problem involves finding 
efficient schedules. In the third class, both criteria are weighted differently and an  
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objective function as the sum of weighted functions is defined. The problem 
considered in this paper belongs to the third class. 

The problem with the objective of minimizing the weighted sum of total 
completion time, maximum tardiness and maximum earliness with sequence-
dependent setup times on a single machine is considered in this study. The 
problem is denoted as maxmax//1 ETCs jk γβα ++∑ . 

Since its simpler case of the single criterion problem ∑Cs jk //1  [4,8] is an 
NP-hard problem, this multicriteria problem is an NP-hard problem. 

In general, mathematical programming models ensure the best possible 
solution for a given scheduling problem. However, due to the complex nature of 
the problem, such models can not always be implemented to solve large size 
scheduling problems. On the other hand, heuristic approaches can be used to 
address combinatorial complexity of NP-hard scheduling problems. 

In this paper an integer programming model is developed for the problem. 
Five heuristic approaches are also proposed for solving large problems.  

The rest of the paper is organized as follows: In Section 2 the proposed integer 
programming model formulations are given. In Section 3 heuristic methods are 
explained. In Section 4 the experimental results of the used methods are given. 
Finally Section 5 provides conclusion. 
 
2. The Integer Programming Model 
 

In considered problem we assume that a set { }nN ,...,2,1=  of n simultaneously 
available jobs is to be processed on a single machine. jp  denotes the processing 
time of job j, jd  denotes the due date of the job j. A job once started on the 
machine must be completed on it without interruption (i.e., no preemption is 
allowed). The machine may not process more than one operation at a time. jks  
denotes sequence-dependent setup time when job k follows job j. Let jC , the 

completion time of the job j. ∑
=

n

j
jC

1
, { }0,max

1max jj

n

j
dCT −=

=
, 

{ }0,max
1max jj

n

j
CdE −=

=
 total completion time, maximum tardiness and maximum 

earliness respectively. The considered problem is denoted as 
maxmax//1 ETCs jk γβα ++∑ . α ,β  and γ  are weights for the total completion 

time, maximum tardiness and maximum earliness respectively. Sum of α ,β  and 
γ  equals to 1. Parameters and variables used in the model are given as follow: 
 
Parameters 
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n: number of job 

jp : the processing time of job j 

jks : sequence-dependent setup time of job k if job j precedes job k 
B: a very large positive integer 
α : the weight for total completion time    10 << α  
β : the weight for maximum tardiness time   10 << β  
γ : the weight for maximum earliness time   1=++ γβα  
 
 
 
 
Decision variables 

jC : completion time of job j     .,...,2,1 nj =  

jkY : 
⎩
⎨
⎧

otherwise0
sequence in thek  job before assigned is j job if1

 

maxT : maximum tardiness time  { }0,max
1max jj

n

j
dCT −=

=
. 

maxE : maximum earliness time  { }0,max
1max jj

n

j
CdE −=

=
. 

 
Objective function: 

maxmax
1

ETCMin
n

j
j γβα ++∑

=
 

Constraints: 
jj pC ≥    .,...,2,1 nj =      (1) 

[ ] jkjjkkj psYBCC +≥+−  .1,...,2,1 −= nj .,...,3,2 nk =    jk >   (2) 
[ ] kjkjkjk psYBCC +≥−+− 1   .1,...,2,1 −= nj  .,...,3,2 nk =    jk >  (3) 

jj dCT −≥max   .,...,2,1 nj =      (4) 

jj CdE −≥max   .,...,2,1 nj =      (5) 
{ }10,Y jk ∈ ,   .1,...,2,1 −= nj  .,...,3,2 nk =  jk >  (6) 

Constraint (1) specifies that the completion time of job j is greater than or 
equal to the processing time of job j. Constraints (2) and (3) assure that only one 
job can be processed at the same time. Constraint (4) assure that maximum 
tardiness of job j is greater than or equal to the difference between completion 
time and the due date of job j. Constraint (5) assure that maximum earliness of job 
j is greater than or equal to the difference between due date and the completion 
time of job j. Constraint (6) identifies that the value of jkY  is 1 or 0.  
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The proposed model has ( ) 22 /nn − , 0-1 variables and ( )2+n  other variables 
and ( )nn 22 +  constraints, where n is the number of jobs. 
 
3. Heuristic Methods 

The considered multicriteria scheduling problem with sequence-dependent 
setup times can be solved optimally for small size problems with up to 12 jobs by 
the proposed integer programming model. Also, five heuristic methods are used to 
solve large size problems. These heuristics are four tabu search based methods 
and a random search method. These methods are explained in the following 
sections.  

The first method is a Special Heuristic (SH). The second method is a tabu 
search based heuristic method that the solution result of SH heuristic is taken as 
an initial solution of tabu search method to improve the performance of tabu 
search. 

 
3.1. SH Heuristic 

The methodology of SH heuristic is similar to NEH [12] procedure. Steps of 
SH heuristic are given below. 
Step 1. Sequence jobs according to shortest processing time (SPT) rule. 
Step 2. Set k = 2. Pick the first two jobs from the rearranged jobs list and schedule 
them in order to minimize the weighted sum of total completion time, maximum 
tardiness and maximum earliness as if there are only two jobs. Set the better one 
as the current solution. 
Step 3. Increment k by 1. Generate k candidate sequences by inserting the first job 
in the remaining job list into each slot of the current solution. Among these 
candidates, select the best one with the least partial minimization of the weighted 
sum of total completion time, maximum tardiness and maximum earliness. Update 
the selected partial solution as the new current solution.  
Step 4. If k = n, a schedule (the current solution) has been found and stop. 
Otherwise, go to step 3.  
 
3.2. Tabu search method  

Tabu search has been used widely in combinatorial optimization. The basic 
idea is to slightly alter a known (current) solution in a certain manner (called 
neighborhood structure) and take the best alteration as the new current solution. 
Such altered solutions are called neighbors of the current solution. An operation 
that yields a neighbor is called a move. To avoid being trapped at a local optima, 
the best neighbor that is worse than the current solution is allowed to become the 
new current solution. To avoid cycling, certain moves are marked as tabu. A tabu 
move may be allowed if some aspiration criterion is satisfied. This procedure  
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continues until some criterion is met [7]. Parameters of tabu search used here are 
given in Table 1. 
 
 
Table 1. Tabu search parameters  
Parameter  Tabu-I Tabu-II Tabu-III Tabu-IV 
Initial solution random SPT EDD SH 
Tabu list length 2 n  2 n  2 n  2 n  
neighborhood 
search strategy 

API API API API 

Stopping 
criterion 

n repetitions 
no 
improvement 

n repetitions 
no 
improvement 

n repetitions 
no 
improvement 

n repetitions 
no 
improvement 

 
 
4. Experimental Results 
 

Hyper LINDO / PC 6.01 software package [10] is used to test the 
effectiveness of proposed integer programming model. All experimental design 
tests are conducted on a personal computer with Pentium 4 / 2 Ghz 512 RAM. 
The experimental design is similar to Rajendran and Ziegler [15]’s procedure. The 
processing times ( jp ) are generated from the uniform distribution in the range 
[ ]100,1 . Sequence-dependent setup times ( jks ) are generated from four different 
uniform distributions in ranges [ ]90, ; [ ]240, ; [ ]490,  and [ ]99,0  to define the 
effect of setup times on the difficulty of the problem. Due dates ( jd ) are defined 
as follows: 

( ) j

n

j
jjkj pnupsd 1

1
−++= ∑

=
 

where jks  is mean sequence-dependent setup time and jp  is mean processing 
time, u is a random number between [ ]1,0 . The weight values of α , β and γ  are 
taken as (0.25,0.25,0.50); (0.25,0.50,0.25); (0.33,0.33,0.33); (0.50,0.25,0.25) 
respectively. The exact results are obtained for problems with four different job 
sizes, such as 121086 ,,,n =  and 10 problems are solved for each problem group. 
Totally 640 problems ( 10444 ××× ) are solved.  

The solutions of the problems that are larger than 12 jobs couldn’t be obtained 
during 9000 CPU times (in seconds). The experiment set of the problem is given 
in Table 2. According to setup time ranges and three weights combinations, 
averagely CPU times of problem sets are given in Table 3.  
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Table 2. The experimental set for the small size problems 
Parameter  Alternative Value  
Weights (α,β) 4 (0.25,0.25,0.50); (0.25,0.50,0.25); 

(0.33,0.33,0.33); (0.50,0.25,0.25) 
Number of job (n) 4 6, 8, 10, 12 
Processing time ( jp ) 1 U [ ]100,1  
Setup time ranges ( jks ) 4 U [ ]90, , U [ ]240, , U [ ]490, , U [ ]99,0  
Number of solution problem 10  
Total problem  4×4×1×4×10=640 

 
As can be seen in Table 3, the considered multicriteria problem with 

sequence-dependent setup times can be solved up to 12 jobs by the proposed 
integer programming model. The solution time of problems exponentially 
increases as the number of jobs increases. The optimal solution of the considered 
problem can be found up to 12 job sizes. To solve large size problems in a short 
time and to find the optimal or near optimal solutions, heuristics should be used. 
For the problem considered, five heuristic methods were used. Heuristic error is 
calculated as follows:  

solution Optimal
solution Optimal -solution HeuristicError =  

Table 3. The average CPU times of the integer programming model 

Weights 
Number 
of jobs Setup time ranges 

(α-β) n [0,9] [0,24] [0,49] [0,99] 
(0.25,0.25,0.50) 6 0.14 0.10 0.10 0.09 

8 11.03 11.32 11.42 9.03 
10 782.28 976.05 864.29 568.15 
12 6419.95 7004.00 4788.42 4744.44 

(0.25,0.50,0.25) 6 0.15 0.14 0.09 0.09 
8 11.18 12.90 12.30 13.68 

10 1080.85 833.03 816.58 660.00 
12 9350.33 7255.07 5932.49 7621.02 

(0.33,0.33,0.33) 6 0.16 0.13 0.12 0.13 
8 18.11 12.83 14.29 16.73 

10 1239.40 1003.14 937.91 955.57 
12 8239.61 8468.29 7126.75 6226.84 

(0.50,0.25,0.25) 6 0.13 0.11 0.10 0.13 
8 15.40 11.06 14.13 15.34 

10 1054.49 865.95 897.32 977.35 
12 6979.91 8088.50 7525.50 6224.61 
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Table 4. Error of heuristics (small size problem) 

  Error heuristic 
(α,β,γ) n random Tabu-I Tabu-II Tabu-III Tabu-IV 

(0.25,0.25,0.50) 6 0.1225 0.0338 0.0108 0.0199 0.0006 
 8 0.1315 0.0267 0.0221 0.0112 0.0008 
 10 0.1227 0.0575 0.0141 0.0194 0.0005 
 12 0.1519 0.0296 0.0176 0.0170 0.0009 

(0.25,0.50,0.25) 6 0.1216 0.0398 0.0279 0.0200 0.0006 
 8 0.1403 0.0218 0.0240 0.0175 0.0005 
 10 0.1330 0.0335 0.0298 0.0177 0.0009 
 12 0.1418 0.0289 0.0116 0.0116 0.0009 

(0.33,0.33,0.33) 6 0.1560 0.0315 0.0163 0.0161 0.0007 
 8 0.1343 0.0293 0.0115 0.0143 0.0005 
 10 0.1399 0.0593 0.0110 0.0106 0.0006 
 12 0.1375 0.0216 0.0212 0.0158 0.0010 

(0.50,0.25,0.25) 6 0.1423 0.0319 0.0241 0.0161 0.0007 
 8 0.1420 0.0404 0.0140 0.0187 0.0010 
 10 0.1225 0.0329 0.0205 0.0157 0.0006 
 12 0.1460 0.0234 0.0179 0.0102 0.0005 

 
 
 
Results of the heuristic methods were compared with results of the optimal 

solutions obtained by the integer programming model, and errors of these 
heuristics are given in Table 4. 

As seen from this Table 4, the tabu search-IV gives fairly good results in 
terms of error and it is quite effective in this multicriteria problem. 

Results of large size problems )1000100( ≤≤ n  are also computed using 
heuristic methods. Since optimal results of these problems have not been known, 
results of the heuristics are compared with the best result in order to define their 
performances. In this comparison, the error, formulated below, was used as a 
performance measure: 

solutionheuristicBest 
solution heuristicBest  -solution HeuristicError =  

The experimental set of large size problems is given in Table 5. As seen in 
Table 5, totally 1600 problems are solved.  
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Table 5. Experimental set for large size problems with heuristics 
Parameter  Alternative Value  
Weights (α,β) 4 (0.25,0.25,0.50); (0.25,0.50,0.25); 

(0.33,0.33,0.33); (0.50,0.25,0.25) 
Number of job (n) 10 100,200,…,1000 
Processing time ( jp ) 1 U [ ]1001,  
Setup time ranges ( jks ) 4 U [ ]90, , U [ ]240, , U [ ]490, , U [ ]99,0  
Number of solution problem 10  
Total problem  4×10×1×4×10=1600 

 
 
As seen from Table 6, error of heuristics according to the weight values, the 

tabu search-IV gives the best results of the problem for all weight values. 
The execution times of heuristics for small size problems are so small that 

they are neglected. However, the average execution times of the heuristics for 
large size problems can not be neglected as shown in Figure 1.  
 
 
 
 
5. Conclusions 

In this paper a multicriteria scheduling problem with sequence-dependent 
setup times on a single machine is considered. An integer programming model is 
proposed for this problem. The objective function is the weighted sum of total 
completion time, maximum tardiness and maximum earliness. The proposed 
integer programming model is effective in solving problems with up to 12 jobs. 

To solve the large size problems up to 1000 jobs, a random search and tabu 
search based heuristics methods are used. According to results, the tabu search IV 
heuristic for all weight values is more effective than others. 

Other performance measurements with sequence-dependent setup times and 
more than one machine cases can be made for future research. 
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Table 6. Error of heuristics (large size problem) 
   Error heuristics 
(α,β,γ) n  Random Tabu-I Tabu-II Tabu-III Tabu-IV 
(0.25,0.25,0.50) 100  0.2877 0.0672 0.0258 0.0359 0.0083 
 200  0.2546 0.0570 0.0450 0.0184 0.0083 
 300  0.2788 0.0776 0.0425 0.0354 0.0092 
 400  0.2861 0.0514 0.0491 0.0354 0.0094 
 500  0.2880 0.0791 0.0304 0.0396 0.0055 
 600  0.2536 0.0414 0.0260 0.0316 0.0081 
 700  0.2966 0.0617 0.0410 0.0198 0.0062 
 800  0.3054 0.0773 0.0405 0.0386 0.0084 
 900  0.2857 0.0666 0.0434 0.0307 0.0057 
 1000  0.3013 0.0779 0.0466 0.0340 0.0075 
(0.25,0.50,0.25) 100  0.2855 0.0449 0.0365 0.0142 0.0061 
 200  0.2721 0.0686 0.0214 0.0154 0.0069 
 300  0.3102 0.0536 0.0202 0.0285 0.0091 
 400  0.3324 0.0448 0.0386 0.0105 0.0089 
 500  0.2949 0.0692 0.0273 0.0196 0.0081 
 600  0.2776 0.0685 0.0401 0.0186 0.0072 
 700  0.3061 0.0707 0.0347 0.0217 0.0063 
 800  0.3240 0.0776 0.0376 0.0358 0.0075 
 900  0.3197 0.0783 0.0262 0.0123 0.0090 
 1000  0.3118 0.0536 0.0452 0.0286 0.0090 
(0.33,0.33,0.33) 100  0.2959 0.0705 0.0395 0.0118 0.0067 
 200  0.2849 0.0744 0.0213 0.0272 0.0096 
 300  0.2516 0.0489 0.0250 0.0147 0.0053 
 400  0.3240 0.0684 0.0266 0.0225 0.0067 
 500  0.3035 0.0662 0.0376 0.0196 0.0085 
 600  0.2791 0.0728 0.0370 0.0179 0.0076 
 700  0.3104 0.0655 0.0440 0.0228 0.0077 
 800  0.2824 0.0700 0.0369 0.0167 0.0059 
 900  0.2777 0.0510 0.0437 0.0192 0.0068 
 1000  0.2840 0.0548 0.0224 0.0344 0.0080 
(0.50,0.25,0.25) 100  0.3019 0.0773 0.0446 0.0122 0.0100 
 200  0.2747 0.0530 0.0303 0.0319 0.0095 
 300  0.2872 0.0516 0.0315 0.0356 0.0084 
 400  0.2919 0.0693 0.0495 0.0392 0.0065 
 500  0.3131 0.0743 0.0249 0.0273 0.0075 
 600  0.2707 0.0518 0.0332 0.0338 0.0086 
 700  0.2615 0.0533 0.0413 0.0246 0.0081 
 800  0.3291 0.0419 0.0470 0.0109 0.0076 
 900  0.2737 0.0757 0.0429 0.0237 0.0051 
 1000  0.3047 0.0680 0.0426 0.0347 0.0081 
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Figure 1. The average CPU times of heuristics )1000100( ≤≤ n  
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