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ABSTRACT 
 

This paper considers the problem of scheduling in a flowshop to minimize total tardiness 

when family setups exist. Three existing heuristics that were used to minimize total 

tardiness in flowshops were modified to handle family setups and a genetic algorithm 

was proposed for the problem. The heuristics were tested on problems of various sizes in 

terms of the number of jobs and families, number of machines, setup distributions, and 

due date tardiness distributions. The results of the test showed that the existing heuristics 

are inconsistent and the genetic algorithm is better. 
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INTRODUCTION 
 

In many operations obtaining economies of scale are gained by grouping similar jobs 

together. The motivation for grouping sometimes relates to the existence of changeover 

times, or setup times, on the machines. For example, jobs may belong to families that 

require the same tooling. As a result a job does not need a setup when following another 

job from the same family, but a known “family setup time” is required when a job 

follows a member of some other family.  

  

An important consideration when sequencing and scheduling a set of jobs is completing 

each job on or before the customer’s due date. To address this consideration, this research 

seeks to identify and compare methods for sequencing a set of jobs in a flowshop with 

significant family setup times that will minimize the total tardiness of the jobs.  

 

Most research on flowshops considers only permutation schedules. In this research only 

permutation schedules are considered. 

 

Formally, suppose there is a set of n jobs belonging to F setup families to be processed in 

a flowshop. Let fj, and dj represent the setup family and the due date of job j (j = 1, …, n) 

respectively. Let pjm, Sjm, and Cjm represent the processing time, setup time, and 

completion time of job j (j = 1, …, n) on machine m (m = 1, …, M). The tardiness of job 

j, Tj is defined as: Tj = max {Cjm – dj, 0}, for j = 1,…, n. The objective function, Z, can be 

expressed as: Z = ∑
=

n

j 1

Tj.  
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Streams of literature that are most relevant to the problem addressed in this paper are 

minimizing total tardiness in a flowshop and scheduling flowshops with family setup 

times. [4] and [2] propose exact branch-and-bound algorithms for flowshops with two or 

more machines to minimize total tardiness. [7] reviewed and tested over 40 heuristic 

methods for the m-machine flowshop problem. Based on their tests [7] found that the 

neighborhood searches developed by [5] were the best heuristics and simulated annealing 

algorithms developed by [6] and [3] were the best meta-heuristics. [1] provides a review 

of flowshop scheduling research with setup times. Most of the papers identified in this 

review consider the objective of minimizing makespan.  

  

 

OPTIMAL BRANCH-AND-BOUND PROCEDURE 

 

In this section a branch and bound procedure for the problem is described. This procedure 

is referred to as O. In the branch-and-bound procedure a node in the branching tree 

corresponds to a potential partial job sequence. Branching adds a job to the last 

unassigned position (at the end) in a partial sequence. For each of the nodes generated in 

the procedure, a lower bound on the sum of tardiness of all jobs is computed. A depth-

first branching rule is used so the node with the most jobs in the corresponding partial 

sequence is selected for branching. Ties are broken in favor of the node with the 

minimum lower bound. 

 

Lower Bound for a Partial Sequence 

 

Let σ represent an initial partial job sequence and p be the number of jobs in σ. To obtain 

a lower bound for the total tardiness of the completion of σ two elements are considered: 

the set of jobs included in σ and the set of jobs that have not yet been sequenced. The 

following notation is used. Let LC[jm] (S) be a lower bound for the completion time of the 

job in position j of the sequence S on machine m and dEDD[j] be the due date of the job 

sequenced in the jth position if the jobs are sorted in earliest due date order (dEDD[j] ≤ 

dEDD[k] if j < k). 

 

Theorem 1 is used to help develop a lower bound on the total tardiness of the jobs in σ’. 

Theorem 1. ∑
+=

n

j 1p

max {LC[jM] (S*) – dEDD[j], 0} ≤ ∑
+=

n

j 1p

max {C[jM] (S*) – d[j] (S*), 0}. 

  

Let LB (σ’) equal a lower bound on the total tardiness for the job in σ’. 

LB (σ’) = ∑
+=

n

1pj

max {LC[jM] (σ’) – dEDD[j] (σ’), 0} where dEDD[j] (σ’) are the due dates of 

the jobs in σ’ sorted in earliest due date order (for j = 1, …, n’).  

For this lower bound to be operational a lower bound for the completion time of each job 

on machine M in the post partial sequence consisting of jobs in the set σ’ is required 

(LC[jM] (σ’) for j = p+1, …, n). Two lower bounds are computed and the greater of these 

lower bounds is set equal to LC[jM] (σ’). Both lower bounds are similar to lower bounds 
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used in the problem without setups but these lower bounds incorporate setup times into 

the calculation. 

  

Dominance Property 

  

A dominance property that helps to reduce the search tree in the branch-and-bound 

algorithm is used in the algorithm. The dominance property is based on a dominance 

property for minimizing total tardiness in a flowshop without family setups for adjacent 

jobs but is only applied to pairs of jobs that belong to the same setup family.  

 

 

HEURISTC PROCEDURES 

 

Four heuristic procedures are described in this section. The first three procedures are 

based on procedures that were found to be effective for minimizing total tardiness in 

flowshops without family setups. 

 

Neighborhood Search Procedure 

 
[5] developed two neighborhood searches for minimizing total tardiness in flowshops 

without family setups. One of the searches used an exchange operator to define the 

neighborhood and the other used an insert operator. The neighborhood search in this 

paper uses both of these operators to define the neighborhood. This procedure is referred 

to as NS in this paper. First an initial sequence needs to be developed and then the 

sequence is improved by searching the neighborhood of the sequence. The neighborhood 

search process is repeated until none of the moves in a neighborhood offer an 

improvement. The initial sequence in this procedure is found using a method that is 

similar to that used in [6] with some modification to consider family setups. 

 

Initial Sequence. An initial sequence is created in two steps. First a list of the jobs is 

created. Then an insertion algorithm is used to create a sequence. To create a list of the 

jobs first the families are sorted in non-decreasing order of the average of the due dates of 

the jobs within each family. The jobs are then sorted in non-decreasing order of due dates 

within each family.  

 

Neighborhood Search Improvement Procedure. The neighborhood search improvement 

procedure attempts to improve a sequence by performing neighborhood searches. Two 

neighborhood searches are performed. The first search looks at all of the possible 

exchanges of pairs of jobs. The second search is an insertion search.  

 

 Parthasarathy and Rajendran (1997)’s Simulated Annealing Algorithm   
  

[6] developed a simulated annealing algorithm for minimizing weighted total tardiness in 

flowshops with sequence dependent setups. [7] modified the procedure for minimizing 

total tardiness in flowshops and found it to be one of the most effective procedures.  The 

procedure starts with an initial seed sequence that was formed by sorting jobs in earliest 
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due date order and then uses simulated annealing to improve the sequence. A key 

characteristic of this algorithm is the use of a random insertion perturbation scheme 

(RIPS) during each iteration of the procedure. For the details of this procedure see [6]. 

This procedure is referred to as PRSA in this paper. 

 

Hasija and Rajendran (2004)’s Simulated Annealing Algorithm   

  

[3] developed a simulated annealing algorithm for minimizing total tardiness in 

flowshops. [7] found this procedure to be one of the most effective procedures for 

minimizing total tardiness in flowshops. The procedure starts by creating m sequences. 

These sequences are created by developing modified due dates for each job on each 

machine and then sorting these modified due dates in EDD order. The total tardiness of 

each sequence is calculated and the best sequence is selected and a job-index-based-

insertion-scheme (JIBIS) is used to improve the sequence. This sequence is used as the 

seed sequence in the simulated annealing algorithm. Two perturbation schemes are used 

during each iteration of the simulated annealing algorithm. The first perturbation scheme 

is a job-shift-based (JSB) perturbation scheme. The second perturbation scheme is called 

the probabilistic-step-swap (PSS) perturbation scheme. During the simulated annealing 

process the 10 best sequences found are archived. When the simulated annealing 

algorithm terminates the job-index-based insertion scheme is performed on each of the 10 

archived sequences and the best one found becomes the final solution. For the details of 

this procedure see [3]. This procedure is referred to as HRSA in this paper. 

  

Genetic Algorithm 

  

In this section a new genetic algorithm for the problem is described. In a genetic 

algorithm an initial population of chromosomes is first created and then successive 

populations (or generations) of chromosomes are created using some methodology until a 

stopping condition is met. A chromosome corresponds to a sequence of jobs. The jth gene 

in a chromosome corresponds to the job in the jth position of a sequence.  

  

Initial Population. An initial population of 100 (population size) chromosomes 

(sequences) is created. Each chromosome (sequence) is created by first generating a 

random number between 0 and 1 for each job and then sorting the numbers corresponding 

to each job (lowest to highest) to create the sequence of jobs (chromosome).   

  

Creating the Next Generation. A mating process is used to create a new generation from 

the existing population. Pairs of chromosomes in the existing population mate and create 

two children. The first two chromosomes in the population mate and then the next two 

and so on. To create children from of a pair of chromosomes two crossover points are 

first generated. The crossover points are randomly generated. The two children 

chromosomes are evaluated in terms of the total tardiness of the associated sequence. If 

one of the two children chromosomes has a lower total tardiness than found so far the 

incumbent value is updated. The two chromosomes with the lowest total tardiness 

(among the two children and two parents) are selected to go into the next generation and 

the two with the highest total tardiness are eliminated.  
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Stopping Criteria. Four stopping criteria are used: 1) incumbent = 0, 2) the average 

tardiness of the population is equal to the incumbent value. 3) The mean absolute 

deviation of total tardiness for the population is less than 1 % of the average total 

tardiness for the population. 4) A number of successive generations have been created but 

there is no improvement in the incumbent value.  

 

COMPUTATIONAL TESTS OF THE PROCEDURES 

 

Data and Performance Measures 

 
The procedures described in the previous section were tested on problems of various 

sizes in terms of the number of families and jobs within each family, number of 

machines, for four sets of distributions of due date range and tightness, and three sets of 

distributions for family setup times. Each problem set consists of 10 problems. Two 

levels of F (2 and 3), three levels of nf (3, 4, and 5) and two levels of m (4 and 8) were 

tested. The processing times of the jobs for each machine were generated using a uniform 

distribution over the integers 1 and 100. The setup times on each machine for each family 

were randomly generated using a uniform distribution. Three setup distributions were 

used: 1 and 200, 1 and 100 and 1 and 50. The due dates for the jobs were also randomly 

generated using a uniform distribution over the integers MS (1 – r – R/2) and MS (1 – r + 

R/2), where MS is the minimum makespan found for the problem, and R and r are two 

parameters called due date range and tardiness factors. Four sets of these parameters were 

used: R = 0.5 and r = 0.5 (set 1), R = 1.0 and r = 0.5 (set 2), R = 0.5 and r = 0.25 (set 3), 

R = 1.0 and r = 0.25 (set 4). 

   

The measures of performance used to evaluate the procedures for the test are CPU time 

required to generate a solution and the percentage error (% Error) of the total tardiness of 

the solution generated by each procedure. The procedures were coded in Turbo Pascal 

and were tested on a HP LP1965 2.4 GHz PC to obtain the CPU time.  

 

Results  

 
CPU Time. The heuristic procedures proved to be efficient in solving the test problems. 

All of the heuristics averaged less than three seconds for all problem sets. The O 

procedure required more time to generate solutions and the time increased rapidly as 

problem size increased. The O procedure averaged over 500 seconds per problem for 

some of the problem sets with three families and five jobs per family (total of 15 jobs). 

  

% Error. The GA procedure was the best on 102 of the 144 problem sets and was tied for 

best on 22 other problem sets. The GA procedure’s average error was greater than 10 % 

on only one problem set (10.86 %). The NS procedure’s average error was was greater 

than 10 % on 25 problem sets. The PRSA procedure’s average error was greater than 10 

% on 24 problem sets. The HRSA procedure’s average error was greater than 10 % on 38 

problem sets.  

 



 616

CONCLUSION 
 

In this paper three heuristics that were found to be effective for minimizing total tardiness 

in flowshops were tested for flowshops with family setups. Also a genetic algorithm was 

proposed for the problem.  

 

The procedures were tested on problems of various sizes in terms of the number of 

families included and the number of jobs per family, three distributions of family setups, 

and four sets of distributions that determine the tightness of due dates and the range of 

due dates. The solutions generated were compared against optimal solutions for the 

problems.  

  

The results of the tests showed that the heuristics that worked well for flowshops without 

family setups were very inconsistent when family setups exist. The proposed genetic 

performed consistently well and is recommended for the problem.   
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