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Abstract 
Open shop scheduling problems are among the most difficult combinatorial problems 

to solve, with most variations of the problem known to be N P-hard. In past few years, 
several implementation of genetic algorithm have been proposed to solve the problems. 
A central part for building a genetic algorithm to the problem is the encoding method, 
which conditions all subsequent steps. In this paper, we give a comparative study on three 
encoding methods: order-based encoding, random key-based encoding and operation-based 
encoding to show the advantages and disadvantages of them. 
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1 Introduction 
Consider scheduling n jobs on m machines. Each job must be processed by each machine, and if there is 
no prescribed order of any job through the machines, the system is called an open shop. The open shop 
scheduling problems are among the most difficult combinatorial problems to solve, with most variations 
of the problem known to be N P-hard. If all jobs have identical processing times, the problem is called 
unit execution time problem, which is a special case of the problem [1] [2]. Efficient algorithms have been 
developed for this special case, but any efficient methods have not reported for the general case yet. 

In recent years, a growing body of literature suggests the use of genetic algorithms for combinatorial 
optimization problems, especially, an interest in using genetic algorithms to solve the job shop scheduling 
problems has been growing rapidly in past few years [3]- [5]. As we know that the open shop scheduling 
problem is a special case of the job shop scheduling problem by relaxing the precedence constraints among 
jobs. Therefore, all methods developed for the job shop scheduling problem are applicable to the open 
shop scheduling problem. 

In this paper, we examine the open shop scheduling problem with general processing times and an 
objective of minimal makespan. The problem can be formally stated as follows: 

1. There are n independent jobs, denoted as jl. h, ... , in, and m parallel machines, denoted as m 1 , 

2. Each job consists of m operations. 

3. The operations j of job i is processed on machine j for tij time units. 

4. The processing order of operations of a job is immaterial. 

5. Each machine can process only one job at a time and a job cannot visit two machines at a time. 

6. No preemption of processing is allowed. 

7. The objective is to minimize the makespan for processing all jobs. 

Three implementations of genetic algorithms with order-based encoding, random key-based encoding 
and operation-based encoding are built for the open shop scheduling problem. These encoding methods 
were originally proposed for the job shop scheduling problems. A comparative study is given to show the 
advantages and disadvantages of each encoding methods. 
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2 Representation 

Genetic algorithms are powerful and broadly applicable stochastic search method based on the principles 
of evolution and heredity. Genetic algorithms have shown great power with very promising results from 
experimentation and practice of many industrial engineering areas [6]. A very important issue in building 
a genetic algorithm for a given problem is to devise an appropriate representation of solutions so as to 
yield an efficient genetic search. In past few years, several encoding methods have been proposed for 
the job shop scheduling problem. We select three encoding methods from them due to that the selected 
encoding methods are easy to apply to the open shop scheduling problem. In this section, we will give a 
brief explanation to each method in turn, using an example of 3-job 3-machine problem given in Table 1. 

Table 1: An example of 3-job 3-machine problem 

Job 
processing time 
m1 m2 m a 

ii 3 3 2 
ia 1 5 3 
i3 3 2 3 

Let o;; denote the operation of job i to be processed on machine j. Then the operation ID for oii is an 
integer number within the closed interval [1, nxm] calculated as (i -1)x (the number of operations)+ j. 
The essence of the problem considered in the study is to make the best processing order of jobs on each 
machine. We intend to use genetic algorithms to evolve such an order of jobs. Therefore, chromosome 
can represent a unique job processing order. As we know a gene contains two kinds of information: 

locus: the position of a gene located within the structure of a chromosome, 

allele: the value the gene takes. 

By interpreting one factor as the operation ID and another as the processing order, we can obtain 
several encoding methods for the open shop scheduling problem. Note that, the decoding processes for 
the following three representation methods can always generate active schedules. 

2.1 Order-based representation 
In this representation, the allele is used to represent an operation ID and the locus is used to represent 
the processing order as shown in Figure 1 (6]. 

1 2 3 4 s 6 7 a 9 locus: processing older 

2 4 8 5 1 7 3 9 6 allele: operation ID 

Figure 1: An example of order-based encoding 

The chromosome in Figure 1 defines a unique job processing order. Operations o11 , o21 and o31 are 
processed on machine 1. According to the encoding, the processing order should be o21 -+ o11 -+ o31 • 

Operations o12 , o22 and o32 are processed on machine 2. Their processing order should be o12 -+ o32 -+ 

o22 • Operations o13 , o23 and o33 are processed on machine 3. Their processing order should be o13 -+ o33 
-+ o23 . Accordingly, a feasible schedule constructed with the chromosome in Figure 1 is shown in Figure 
2. 
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0 3 6 9 10 13 ' 
Figure 2: A feasible schedule constructed with the chromosome given in Figure 1 

2.2 Random key-based representation 
Random key-based representation was first applied to a genetic algorithm for job shop scheduling by 
Bean [7]. In this representation, the locus is used to represent an operation ID and the allele is used to 
represent the processing order as shown in Figure 3, where a gene takes a random decimal number form 
the open interval of (0, 1). These values are used as sort keys to determine the processing order. 

12 3 4 56 7 6 9 locus: operation ID 

10.221 0.371 0.9810.1210.4610.8410.9110.251 0.611 allele: processing order 

Figure 3: An example of random key-based encoding 

The chromosome given in Figure 3 defines a unique job processing order. For operations o11 , o21 and 
o31 to be processed on machine 1, sorting the keys of these operations in descending order results in the 
job sequence o31 ~ ou ~ o21 . For operations o12, 022, o32 on machine 2, sorting their keys results in 
the job processing order 022 ~ 012 ~ 032 - For operations 013, 023 and o 33 on machine 3, their order is 
o13 ~ o23 ~ o33 . Accordingly, a feasible schedule constructed with the chromosome given in Figure 3 is 
shown in Figure 4. 

OH 

0.22 

033 

0 2 5 6 10 12 t 

Figure 4: A feasible schedule constructed with the chromosome given in Figure 3 

2.3 Operation-based representation 
The representation was originally proposed by Tsujimura et al. [3] - [5] for the job shop scheduling 
problem to handle the precedence constraint. For ann-job m-machine problem, a chromosome contains 
n X m genes. Each job appears in the chromosome exactly m times, and each repeat (each gene) does 
not indicate a fixed operation of a job, but refers to an operation which is context-dependent. An active 
schedule can be generated by a one-pass heuristic from the chromosome. The procedure of one-pass 
heuristic is as follows: 

Step 1: the first gene is scheduled first, 

Step 2: the second gene is considered, and so on. 
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Because a gene may correspond to more than one operations, we first find out all its candidate oper-
ations, and then schedule the one which can be started earliest. Tie is broken down at random. Each 
operation under treatment is allocated to the best available processing time for the corresponding ma-
chine the operation required. The process is repeated until all operations are scheduled. Let us illustrate 
it with the same example in Table 1. Suppose a chromosome be [ 3 2 2 1 1 2 3 1 3). An active schedule 
corresponding to the chromosome is shown in Figure 5. 

m 1 o.sl 

m2 Ol2 

m3 o.u 

0 3 6 9 11 t 

Figure 5: A feasible schedule constructed from the chromosome 

3 Implementations of Genetic Algorithms 
Three implementations of genetic algorithms based on the three encoding methods have been developed. 
For the case with the order-based representation, partially matched crossover (PMX) [8] was used. For 
the case with the random key-based representation, 2-cut point crossover [6] was used. For the case with 
the operation-based representation, partial schedule exchange crossover (PSX) [3] [5] [6] was used . The 
PSX can be viewed as a kind of variation of PMX adapted to the operation-based representation. The 
swap mutation operation [2] [6] was used in each GAin common. 

Evaluation phase contains the following three main steps: 

Step 1: convert a chromosome to a schedule, 

Step 2: calculate the makespan objective, 

Step 3: convert objective value into fitness value as 1/makespan. 

In selection phase, roulette wheel approach was adopted [6]. The elitist selection strategy was combined 
with the roulette wheel approach in order to preserve the best chromosome into next generation and 
overcome stochastic sampling error. 

4 Comparative Experiments and Discussions 
Primary computational experiments were done on an instance of 10-job 10-machine problem, which is 
obtained by relaxing the precedence constraints on Fisher and Thompson's benchmark problem of the 
job shop scheduling problem [9]. The parameter setting for all cases is given in Table 2. 

Table 2: GA parameter setting 

pop_size 40 
maxgen 500 

Pc 0.3 
Pm 0.1 

Under the same conditions, we run each GA (operation-based GA, random key-based GA and order-
based GA) 20 times with different random number seeds. Figure 6 shows the convergent process of each 
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Figure 6: The convergent processes for each GA implementation 

GA, where data are the average values among 20 runs for each case. From the result, we can observe 
that the operation-based GA is dominated by the others. The statistical results on the best value, worst 
value, average value and standard deviation among 20 runs for each GA implementation are summarized 
in Table 3. 

Table 3: The statistical results for each GA implementation 

operation 
mm 681 
max 702 
ave. 692.75 
std. 6.12 

order 
681 
688 

681.5 
1.61 

random key 
681 
709 

688.45 
7.56 

From the results we can observe that, even though three GA implementations can obtain the same best 
value, order-based GA has a very small standard deviation, which means that the order-based GA has 
higher probability to obtain the best value than the others. From the point of view of standard deviation, 
random key-based GA behaved worst. 

The comparative result on execution times of each GA implementation is given in Figure 7. From 
the results, we can observe that random key-based GA is the most time cost one. This may be caused 
by sorting random keys. The operation-based GA is the least time cost one. From overall adjustment, 
order-based GA seems to be the best one for the open shop scheduling problem due to its simplicity, 
easy-to-implementation, high probability to obtain a good solution, fast convergence and less time cost. 

5 Conclusions 

In this study, we have given a comparative study on three encoding methods for the open shop scheduling 
problem with a general processing time and a minimal makespan objective. Three implementations of 
GA based on order-based encoding method, random key-based encoding method and operation-based 
encoding method were developed. Primary computational experiment results demonstrated that order-
based GA seems to be the best choice for the open shop scheduling problem. 

The further interesting of our study is to compare these GA implementations on the complex open 
shop scheduling problems, including non-regular measure case, multiple criteria case, as well as due 
date-constraint case, and other side constraints. 
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Figure 7: The statistical results of execution times for each GA implementation 
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