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Abstract A carefully designed and efficiently managed
material handling system plays an important role in planning
and operation of a flexiblemanufacturing system.Most of the
researchers have addressed machine and vehicle scheduling
as two independent problems and most of the research has
been emphasized only on single objective optimization.
Multiobjective problems in scheduling with conflicting
objectives are more complex and combinatorial in nature
and hardly have a unique solution. This paper addresses
multiobjective scheduling problems in a flexiblemanufactur-
ing environment using evolutionary algorithms. In this paper
the authors made an attempt to consider simultaneously the
machine and vehicle scheduling aspects in an FMS and
addressed the combined problem for the minimization of
makespan, mean flow time and mean tardiness objectives.

Keywords Automated guided vehicle . Evolutionary
algorithms . Multiobjective . Non-dominated solutions .
Scheduling

1 Introduction

In the present day automated manufacturing environment,
flexible manufacturing systems (FMS) are agile and
provide wide flexibility. FMS are well suited for simulta-
neous production of a wide variety of part types in low
volumes. FMS is a complex system consisting of elements
like workstations, automated storage and retrieval systems,
and material handling devices such as robots and AGVs [1].
The FMS elements can operate in an asynchronous manner
and the scheduling problems are more complex. Moreover
the components are highly interrelated and in addition

contain multiple part types, and alternative routings etc.
FMS performance can be increased by better co-ordination
and scheduling of production machines and material han-
dling equipment [2].

Scheduling is concerned with the allocation of limited
resources to tasks overtime and is a decision making process
that links the operations, time, cost and overall objectives of
the company. Scheduling of machines, other resources such
as vehicles, personnel, tools etc. has been done with a certain
objective, to be either minimized or maximized. Some of
these objectives include minimization of makespan, tardi-
ness, earliness, in process inventory etc. [3]. Typically parts
in a manufacturing system visit different machines for dif-
ferent operations, and they thus generate demand for the
material handling devices. Scheduling of the material
handling system in FMS has equal importance as of
machines and is to be considered together for the actual
evaluation of cycle times. Automated guided vehicles
(AGVs) are widely used in flexible manufacturing systems
due to their flexibility and compatibility [4]. AGVs can be
integrated with the computer controlled production and
storage equipment in the shop floor and the entire shop floor
operations can be controlled through a computer system.

Most of the real world-scheduling problems involve
simultaneous optimization of multiple objectives. Dealing
with multiple objectives has received much attention over
the last few years, where as scheduling is still dominated by
the unrealistic single objective approach. The main goal of
a multi-objective optimization problem is to obtain a set of
Pareto optimal solutions that satisfy the constraints [5].
Genetic algorithms (GA) are widely used in the last two
decades to address the multi criteria decision problems.
Genetic algorithms are non-deterministic stochastic search
methods that utilize the theories of evolution and natural
selection to solve a problemwithin a complex solution space
[6]. In recent years, new algorithms such as non-sorting
genetic algorithm–II (NSGA-II) and strength Pareto evolu-
tionary algorithm–2 (SPEA-2) have been developed and are
now widely used to address the multi-objective problems.

In this paper the authors have made an attempt to address
simultaneously both the machine and vehicle scheduling in
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the flexible manufacturing environment for minimization
of makespan, mean flow time and mean tardiness using
non-dominated sorting genetic algorithm NSGA-II. The
efficacy of the method for the said simultaneous scheduling
problem has been thoroughly tested. The following sections
describe the development and application of GAs for simul-
taneous scheduling problems with illustrated examples.

2 Literature review

Most of the researchers have addressed the machine and
vehicle scheduling as two independent problems. Howev-
er, only a few researchers have emphasized the importance
of simultaneous scheduling of machines and vehicles. A
deterministic off-line scheduling model was presented by
Raman et al. [7]. They formulated the problem as an integer
programming problem and proposed a solution procedure
based on the concepts of project scheduling under resource
constraints. Their assumption was that the vehicles always
return to the load/unload station after transferring a load
which reduces the flexibility of the AGVand influence the
overall schedule length. Blazewicz et al. [1] has considered
an FMS with parallel identical machines arranged in a
loop. They addressed the simultaneous scheduling problem
using a dynamic programming approach. Sabuncuoglu and
Hommertzheim [4] has tested the different machine and
AGV scheduling rules in FMS against the mean flow time
criterion. Another off-line model for simultaneous schedul-
ing ofmachines andmaterial handling system in an FMS for
the makespan minimization is presented by Bilge and
Ulusoy [8]. The problem was formulated as a non-linear
mixed integer-programming model and was addressed
using the sliding time window approach. Ulusoy et al. [9]
has addressed the same problem using genetic algorithms.
In their approach the chromosome represents both the
operation number and AGV assignment which requires
development of special genetic operators. Anwar and Nagi
[2] addressed the simultaneous scheduling of material
handling operations in a trip-based material handling
system and machines in JIT environment. Abdelmaguid et
al. [10] has presented a new hybrid genetic algorithm for the
simultaneous scheduling problem for the makespan mini-
mization objective. The hybrid GA is composed of GA and a
heuristic. The GA is used to address the first part of the
problem that is theoretically similar to the job shop sched-
uling problem and the vehicle assignment is handled by a
heuristic called vehicle assignment algorithm (VAA).
Lacomme et al. [11] has addressed the simultaneous job
input sequence and vehicle dispatching for a single AGV
system. They solved the problemusing the branch and bound
technique coupled with a discrete event simulation model.

Multi-objective optimization has been a subject of in-
terest to researchers of various backgrounds since 1970 and
genetic algorithms have received considerable attention as
a novel approach to the multiobjective optimization prob-
lems. Schaffer [12] has presented a multi-modal EA called
vector evaluated genetic algorithm (VEGA), which carries
out selection for each objective separately. An approach

based on the weighted sum scalarization was introduced by
Hajela and Lin [13] to search for multiple solutions in
parallel. Horn et al. [14] proposed the niched Pareto genetic
algorithm that combines tournament selection and the con-
cept of Pareto dominance. Fonseca and Fleming [15] pro-
posed a multi-objective genetic algorithm (MOGA). Their
approach consists of a scheme in which the rank of an
individual corresponds to the number of individuals by which
it is dominated.

Based on Goldberg’s suggestions Srinivas and Deb [16]
developed an approach called non-dominated sorting ge-
netic algorithm (NSGA). The non-dominated solutions of a
front are assigned the same dummy fitness value and are
shared with their dummy fitness values and ignored in the
further classification process. Finally, the dummy fitness is
set to a value less than the smallest shared fitness value in
the current non-dominated front. Then the next front is
extracted and the process is repeated until all the individuals
in the population are classified. Zitzler and Thiele [17] has
proposed the strength Pareto evolutionary algorithm (SPEA).
They maintained an external archive which stores all the
non-dominated solutions found at every generation from the
beginning. The archive solutions are allowed to participate
in the genetic operations which lead to the quick conver-
gence of the algorithm. Knowles and Corne [18] developed
an approach called Pareto archived evolution strategy
(PAES) that incorporates elitism. In their approach non
dominance comparison was made between a parent and the
child. Deb et al. [19] proposed NSGA-II and showed that it
out performs SPEA and PAES methods for certain test
problems. Zitzler et al. [20] developed an approach called
SPEA2 where the potential weaknesses of its predecessor
SPEA are eliminated and an improved fitness assignment
scheme is used.

3 Multi-objective optimization

If more than one criterion is to be treated simultaneously,
then it is a multi-objective optimization problem. Most of
real world decision problems involve multiple and con-
flicting objectives that need to be tackled while respecting
the various constraints [21]. In multi-objective problems,
there may not exist one solution, which is best with respect to
all objectives. There exists a set of solutions, which are better
than the other solutions in the search space when all the
objectives are considered but are inferior to the solutions in
one or more objectives and these solutions are called non-
dominated solutions [22] and are shown in Fig. 1.

Problem formulation For a given FMS environment with
machines arranged in a typical layout, the set of jobs to be
processed and the vehicles, generate an optimum machine
and vehicle schedule that is best with respect to the make-
span, mean flow time and mean tardiness.

FMS environment A load/unload station with sufficient
input/output buffer space serves as the distribution/collec-
tion centre for the parts. Flow path layout and the number
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of machines are known. Sufficient input/output buffer
space is provided at each machine. Numbers of AGVs are
known and initially all the vehicles are available at the
load/unload station. AGVs carry a single unit load at a
time and move along the shortest path.

Constraints Capacity, precedence and temporal constraints
are considered. An order is imposed on operations that are
members of one job and no two operations of a job can be
done simultaneously. There is only one of each type of
machine and no machine can perform more than one op-
eration at a time. The duration of empty trips are sequence
dependent and are not known until the vehicle route is
specified.

Objective criteria Minimization of makespan, mean flow
time and mean tardiness.

4 Hybrid multi-objective genetic algorithm coding

GA working principle Initial population of solutions is
randomly generated and is evaluated based on the given
objective function. For reproduction individuals are se-
lected based on their fitness and the selected individuals
undergo the genetic operations, crossover and mutation.
Some of the existing individuals of the current population
are replaced with the newly formed ones and this becomes
the population for the next generation and this process is
continued till the termination criterion is met [6].

Hybrid algorithm A hybrid genetic algorithm was devel-
oped to address the combined machine and vehicle-sched-
uling problem. The hybrid GA proposed is a combination of
a genetic algorithm along with a heuristic technique to address
different phases of the combined simultaneous scheduling
problem. GA is used to address the machine scheduling
problem and the vehicle scheduling problem is addressed
using the heuristic. This type of hybridization reduces the
size of the string length to half the length of the string for
the combined problem. It reduces the search space, mini-
mizes the constraints on the search and increases the ef-
ficiency of the GA search. Operation based encoding is

used for the machine scheduling problem which helps to
simplify the representation and does not require any new
GA operators. The heuristic scheduling algorithm is embed-
ded in the GA structure and called during the fitness eval-
uation module.

The heuristic decodes the GA operation sequence and
assigns the tasks to the vehicles based on the sequence. It
alwayschecks thevehicleand jobstatus, computes thevehicle
availability at the required demand point and assigns tasks.

The results obtained by the proposed hybrid GA are com-
pared with the results reported by Ulusoy et al. [9] and
Abdelmaguid et al. [10] for a set of the said simultaneous
scheduling problem. The algorithm is found to be
performing well. The waiting times are largely reduced
by the heuristic vehicle scheduling method used, where the
vehicles need not wait until there is a request but the
assignments are made based on the calculations of the job
completion times and the results and discussion are
presented in the Appendix.

Multi-objective optimization The same algorithm is ex-
tended to address the multi-objective optimization of mean
tardiness and mean flow time along with the makespan.
The additional module of non-dominated sorting and
fitness assignment are incorporated in the algorithm struc-
ture and the algorithm steps are discussed below.

Chromosome representation Representation of solutions is
a key issue for implementing genetic algorithms especially
for the heavily constrained job shops. A direct representa-
tion of candidate solutions to the scheduling problem is
used as a chromosome. Care is taken in generating feasible
chromosomes that maintain the precedence relations that
are crucial in job shop scheduling problems.

Chromosome represents the operation sequence and each
operation denotes the processing of a specific part on a
specific machine center, and is expressed by an integer
number starting from 1. The chromosome length is equal to
the total number of operations of all the jobs put together.

Example A scheduling situation with 4 work centres and 3
work pieces is considered. Total there are 10 operations
and the chromosome consists of 10 genes.

Fig. 1 Dominance criterion

604



No. of Jobs 1 2 3
No. of Operations 1 2 3 4 1 2 3 1 2 3

∣ ∣ ∣ ∣ ∣ ∣ ∣ ∣ ∣ ∣
Machines M1 M3 M4 M2 M2 M3 M1 M1 M4 M3
Representation 1 2 3 4 5 6 7 8 9 10
One feasible
chromosome: 1 5 8 2 3 6 9 4 7 10

Vehicle scheduling methodology Jobs are scheduled based
on the operation sequence derived by the genetic algorithm.
Initially AGVs carry jobs from the load/unload station to
the respective workstations where the first operations are
scheduled. AGVs perform two types of trips, a loaded trip
where it carries a load and a deadheading trip where the

vehicle moves to pickup a load. Deadheading trip can start
immediately after the delivery and vehicle demand at dif-
ferent workstations are considered and the subsequent
assignments are made. If both AGVs are available assign
the task to the earliest available vehicle. If no vehicle is
available, compute the earliest available times of the AGVs
and make the assignment. If the vehicle is idle and no job is
ready, identify the operation that is going to be completed
early and move the vehicle to pickup that job. This type of
vehicle scheduling methodology helps in reducing the
waiting times and thus helps in improving the resource
utilization and the throughput. The flow chart of the vehicle
assignment methodology is given in Fig. 2.

 

Schedule the operations according to
the chromosome sequence

Check whether the job is
ready?

AGV waits till the job is
ready

AGV drops the job at the
machine buffer, job will be

loaded after the machine
becomes free.

Move the job to the machine at which its next

Check whether the
machine is free?

Is it the first
operation of job?

Find which AGV will reach the
machine with demand point

early

Find which AGV will reach
the L/U station early

Move the AGV from the current position to
the request point for its next assignment

Load the job on the machine

START

Input
Chromosome

Are all operations

completed?

Output
Best operation sequence, Makespan

Yes

No

No

No

Yes

Yes

No

Yes

operation is scheduled.

Fig. 2 Simultaneous
Scheduling flow chart
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Fitness function Every individual in each generation is
evaluated for all the three objective values makespan,
mean flow time and mean tardiness based on the given GA
operation sequence and the heuristic vehicle assignment
method.

Operation completion time ¼ Oij ¼ Tij þ Pij

jth operation ith job (traveling time + operation processing
time)

Job completion time Ci ¼
Xn

i¼1

Oij

Makespan ¼ Max C1; C2; C3; ����� Cnð Þ
Flow time ¼ Fi ¼ Ci �Ri

(Completion time – release time)

Mean flow time ¼ 1

n

Xn

i¼1

Fi

Lateness ¼ Li ¼ Ci �Di

(Completion time – due date)

Tardiness ¼ Ti ¼ max Li; 0½ �

Mean tardiness ¼ 1

n

Xn

i¼1

Ti

Non-dominated sorting All the individuals in the popula-
tion are sorted based on their non-domination level
considering all the objectives. Every solution in the
population is compared with the other solutions in the
population for all the objectives and a solution is declared
as a non-dominated solution if it is superior in at least one
objective over the other solution [21]. All such solutions
are identified and the fitness of a solution is assigned
based on the number of solutions it dominates.

Example Makespan Mean flow time Mean tardiness
Solution 1 168.11 146.392 14.78
Solution 2 170.33 141.734 14.62

Solution 1 is superior with respect to makespan however
solution 2 is better with mean flow time and tardiness.

Selection The strings for reproduction are selected using
the binary tournament selection process. Two strings are
randomly selected and compared, the string with higher
fitness is selected to participate in reproduction; thus, the
higher fitness strings have a chance to have a larger
number of copies selected.

Crossover Job-based crossover is used which never vio-
lates the precedence constraints. A job is selected ran-
domly and the operations of the selected job are directly
copied in the respective positions of their offspring. As
they are directly copied the positions are not changed
during the crossover process and thus the off springs gen-
erated will maintain the precedence relation.

Step 1:
Randomly select some jobs from the given job set.

Step 2:
Mark the operations of the selected jobs on the parent
strings.

Step 3:
Copy the operations of the selected jobs of parent 1
onto the corresponding positions of offspring 2.

Step 4:
Copy the operations of the selected jobs of parent 2
onto the corresponding positions of offspring 1.

Step 5:
Fill the unoccupied positions of the offspring 2 by the
operations of the unselected jobs from left to right
according to their order of appearance in parent 2.

L/U  

M3M2M1

M6 M5 M4

80

40

Fig. 3 FMS Layout

Table 1 Job set details
(Fisher and Thompson 6×6
instance mt06)

6 jobs each with 6 operations are
to be processed on 6 machines
Job due date along with the
machine number and processing
time are given alternatively

Job No DD M PT M PT M PT M PT M PT M PT

1 35 2 1 0 3 1 6 3 7 5 3 4 6
2 70 1 8 2 5 4 10 5 10 0 10 3 4
3 105 2 5 3 4 5 8 0 9 1 1 4 7
4 140 1 5 0 5 2 5 3 3 4 8 5 9
5 175 2 9 1 3 4 5 5 4 0 3 3 1
6 210 1 3 3 3 5 9 0 10 4 4 2 1
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Step 6:
Fill the unoccupied positions of the offspring1 by the
operations of the unselected jobs from left to right
according to their order of appearance in parent 1.

Example
Chromosomes selected for crossover:
Parent1: 1 5 8 2 6 9 3 7 10 4
Parent2: 5 8 1 9 2 3 6 10 7 4
Let the job selected is 2 and the corresponding

operations of job 2 are 5, 6 and 7.
Parent1: 1 5 8 2 6 9 3 7 10 4
Parent2: 5 8 1 9 2 3 6 10 7 4
Resulting off springs:
Offspring1: 5 1 8 2 9 3 6 10 7 4
Offspring2: 8 5 1 9 6 2 3 7 10 4

Mutation operator Operation swap mutation is used. Two
random positions on the chromosome are chosen and the
operations associated with these positions are swapped.
Operation swap mutation may cause infeasibilities in
terms of the precedence relations and a repair function is
used to eliminate any such infeasibilities.

Example
Chromosome selected for mutation: 1 5 8 2 3 6 9 4 7 10
Let the randomly selected positions are 8 and 10.
Mutated chromosome is: 1 5 8 2 3 6 9 10 7 4

Repair function A repair function is used to see that the
chromosomes do not violate the precedence constraints.

Repair function [9].

Step 1:
Find the position of the operations, which violate the
precedence relations.

Step 2:
Compute the distance between the violating operations.

Step 3:
If the distance between them is less than half the
chromosome length then swap the operations.

Step 4:
Otherwise randomly pick any one operation and in-
sert it before or after the other depending on the
precedence.

Elitism Elitism is used to retain some of the best individuals
from each generation as such individuals can be lost during
the crossover and mutation operations and this significantly
helps in improving the GA performance. An external
archive is maintained where the specified number of best
strings in each generation are preserved and the archive is
updated after every generation and the process continues till
the termination.

5 Hybrid multi-objective genetic algorithm
procedural steps

Step 1:
Enter the input data: Number of machines number of
AGVs and distance between machines. Job set details-
Number of jobs, operations on each job, processing
times and due dates.
GA Parameters- Population size, probability of cross
over, mutation and termination criteria.

Step 2:
GA procedure: Randomly generate initial population
of solutions using the operation based encoding.
Maintain an archive (external set) same as the popu-
lation size.

Step 3:
Evaluate each string in the population for all the
objective criteria.

Step 4:
Simultaneous scheduling procedure: Move jobs from
the load/unload station according to the given chro-
mosome sequence.
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Fig. 4 Pareto front

Table 3 Pareto optimal set

Makespan Mean flow time Mean tardiness

207 167.16 61.33
221 164 41.5
212 163.83 43
224 162.83 41.16
217 163.16 52
241 161.83 50.83
213 163.66 43.16
245 161.33 50.33

Table 2 Travel time matrix

L/U M1 M2 M3 M4 M5 M6

L/U 0 4 6 8 14 12 10
M1 10 0 3 5 11 9 7
M2 12 15 0 3 9 7 9
M3 14 17 15 0 7 9 11
M4 8 11 9 7 0 3 5
M5 6 9 7 9 15 0 3
M6 4 7 9 11 17 15 0
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Table 4 Case study results

Prob. No Pareto optimal set

Makespan Mean flow time Mean tardiness

Small size SS1
FMS layout: 1
Number of machines: 4 98 82.2 7.0
Travel time matrix: TTM1 96 83.2 8.4
Job set details: EX11 Bilge and Ulusoy 1995 99 78.8 9.2
Number of jobs: 4 97 82.8 9.8
Operations on each job: 3 3 3 2 2
Total number of operations: 13
Due date (average makespan): 20

Small size SS2 394 257.1 101.4
FMS layout: 2 360 265.5 103.9
Number of machines: 5 358 268.4 106.2
Travel time matrix: TTM 2 344 270.8 108.1
Job set details: JSP1 Bagchi 1999 391 265.2 108.9
Number of jobs: 10 360 262.2 111.3
Operations on each job: 5
Total number of operations: 50
Due date (average makespan): 37

Medium size MS3
FMS layout: 3
Number of machines: 5
Travel time matrix: TTM3 993 762.03 276.06
Job set details: G1 Lawrence 15x5 Instance 971.5 810.43 321.36
Number of jobs: 15 950.5 809.16 327.83
Operations on each job: 5
Total number of operations: 75
Due date (average makespan): 65

Medium size MS4
FMS layout: 4
Number of machines: 5
Travel time matrix: TTM4 412 295.075 98.3
Job set details: JSP2 Bagchi 1999 407.5 291.8 98.875
Number of jobs: 20 402.5 294.325 100
Operations on each job: 5
Total number of operations: 100
Due date (average makespan): 20

Medium size MS5
Number of machines: 10
FMS layout: 5
Travel time matrix: TTM5 1190.5 979.2 390.45
Job set details: A5 Lawrance 10x10 Instance 1184.5 995.3 399.95
Number of jobs: 10 1180.5 1014.1 408.05
Operations on each job: 10 1162.5 1006 409.45
Total number of operations: 100
Due date (average makespan): 115

Large size LS6 1592 1296.87 530.967
FMS layout: 5 1571 1292.93 532.733
Number of machines: 10 1627 1285.13 535.333
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Table 4 (continued)

Step 5:
AGVs return to the load/unload station till all the jobs
are moved from the load/unload station.

Step 6:
Whenever a job is ready check the AGV availability
and make assignment to the earliest available vehicle.
The vehicle picks and moves the job to its next
assigned machine.

Step 7:
If no job is ready check which job operation is
expected to complete early and move the AGV to that
machine.

Step 8:
If the job is not completed the AGV waits till the

operation is over. AGV moves the job to the machine
on which the job next operation is to be performed.

Step 9:
Check whether the machine is free or not. If it is free
load the job, else the job waits in the buffer till the
machine becomes free.

Step 10:
Check whether all the operations are completed. If not
repeat from step 6 onwards.

Step 11:
If all the operations are completed compute the
objective function values makespan, mean flow time
and tardiness.

Prob. No Pareto optimal set

Makespan Mean flow time Mean tardiness

Travel time matrix: TTM5 1571 1306.87 542.067
Job set details: B1 Lawrance 15x10 Instance 1530 1322.93 544.267
Number of jobs: 15 1517 1318.53 544.533
Operations on each job: 10 1561 1313.6 548.6
Total number of operations: 150 1530 1293.4 550.733
Due date (average makespan): 100 1528 1315.4 555.4

Layout 1 Layout 2 Layout 3

M3M1 M4M2

L/U
M5

L/U

M3

M2

M1

M4

M1 M2

M4 M3

M5L/U 

40
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80
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120

40 

40
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M6

M3 M7
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M10 

M5

M2 M8

M2 M4

M1 M3

M5 L/U 
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Fig. 5 FMS Layouts (Distances between machines are in meters and dimensions not to scale)
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Non-dominated sorting algorithm [19]
Step 12:

Classify the population into different non- domination
levels and assign fitness.

Step 13:
Offspring population is created using binary tourna-
ment selection, job based crossover and operation
swap mutation.

Step 14:
Elitism procedure: Combine parent and child population.

Step 15:
Sort the combined population for non- dominated
individuals.

Step 16:
Compute the crowding distance of the chromosomes.

Table 5 Travel time matrices TTM1
L/U M1 M2 M3 M4

L/U 0 6 8 10 12
M1 12 0 6 8 10
M2 10 6 0 6 8
M3 8 8 6 0 6
M4 6 10 8 6 0

TTM 2
L/U M1 M2 M3 M4 M5

L/U 0 3 5 7 9 14
M1 15 0 3 5 8 12
M2 13 15 0 3 6 10
M3 11 13 15 0 4 8
M4 7 9 11 13 0 5
M5 4 6 8 10 13 0

TTM 3
L/U M1 M2 M3 M4 M5

L/U 0 3.5 7.5 12.5 12.5 8
M1 12.5 0 5 10 10 5.5
M2 12.5 15 0 6 10 10.5
M3 7.5 10 10 0 5 5.5
M4 3.5 6 10 15 0 10.5
M5 8 11.5 5.5 10.5 5.5 0

TTM 4
L/U M1 M2 M3 M4 M5

L/U 0 2.5 4.5 4.5 6.5 5.5
M1 4.5 0 3.5 3.5 5.5 4.5
M2 2.5 3.5 0 5.5 7.5 6.5
M3 6.5 7.5 5.5 0 3.5 2.5
M4 4.5 5.5 3.5 3.5 0 4.5
M5 5.5 6.5 4.5 4.5 2.5 0

TTM 5
L/U M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

L/U 0 2 4 5.5 7 8 11 9.5 11 11 6.5
M1 11 0 3 4.5 6 7 10 8.5 10 10 5.5
M2 11 12 0 2.5 4 7 10 8.5 10 10 5.5
M3 9.5 10.5 4.5 0 2.5 5.5 8.5 7 8.5 8.5 4
M4 11 12 6 4.5 0 4 7 8.5 10 10 9.5
M5 8 9 11 9.5 11 0 4 5.5 7 7 6.5
M6 7 8 10 8.5 10 11 0 2.5 4 6 5.5
M7 5.5 6.5 8.5 7 8.5 9.5 4.5 0 2.5 4.5 4
M8 8 5 7 8.5 10 11 6 4.5 0 3 5.5
M9 2 3 5 6.5 8 9 12 10.5 12 0 7.5
M10 6.5 7.5 5.5 4 5.5 6.5 5.5 4 5.5 5.5 0
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Step 17:
Copy the non-dominated solutions into an archive
equal to population size to form next generation
population.

Step 18:
Check whether the termination criterion is satisfied if
not repeat the procedure.

6 Illustrative example

FMS environment The FMS layout along with the
distances between the machines and from the load/unload
station is shown in Fig. 3. The FMS consists of 6 machines
and 2 AGVs. The job set details are given in Table 1.
AGVs move with a speed of 40 m/min and the loading and
unloading times of job are 0.5 min each. The travel times

Table 6 Results comparison for t/p ratio >0.25

Prob.No STW UGA AGA PGA

EX11 96 96 96 96
EX21 105 104 102 100*
EX31 105 105 99 99
EX41 118 116 112 112
EX51 89 87 87 87
EX61 120 121 118 118
EX71 119 118 115 111*
EX81 161 152* 161 161
EX91 120 117 118 116*
EX101 153 150 147 147
EX12 82 82 82 82
EX22 80 76 76 76
EX32 88 85 85 85
EX42 93 88 88 87*
EX52 69 69 69 69
EX62 100 98 98 98
EX72 90 85 79 79
EX82 151 142* 151 151
EX92 104 102 104 102
EX102 139 137 136 135*
EX13 84 84 84 84
EX23 86 86 86 86
EX33 86 86 86 86
EX43 95 91 89 89
EX53 76 75 74 74
EX63 104 104 104 103*
EX73 91 88 86 83*
EX83 153 143* 153 153
EX93 110 105 106 105
EX103 143 143 141 139*
EX14 108 103 103 103
EX24 116 113 108 108
EX34 116 113 111 111
EX44 126 126 126 126
EX54 99 97 96 96
EX64 120 123 120 120
EX74 136 128 127 126*
EX84 163 163 163 163
EX94 125 123 122 122
EX104 171 164 159 158*

Table 7 Results comparison for t/p ratio <0.25

Prob.No STW UGA AGA PGA

EX110 126 126 126 126
EX210 148 148 148 148
EX310 150 148* 150 150
EX410 121 119 119 119
EX510 102 102 102 102
EX610 186 186 186 186
EX710 137 137 137 137
EX810 292 271* 292 292
EX910 176 176 176 176
EX1010 238 236* 238 238
EX120 123 123 123 123
EX220 143 143 143 143
EX320 148 145 145 145
EX420 116 114 114 114
EX520 100 100 100 100
EX620 183 181 181 181
EX720 136 136 136 136
EX820 287 268* 287 287
EX920 174 173 173 173
EX1020 236 238 236 236*
EX130 122 122 122 122
EX230 146 146 146 146
EX330 149 146 146 146
EX430 116 114 114 114
EX530 99 99 99 99
EX630 184 182 182 182
EX730 137 137 137 137
EX830 288 270* 288 288
EX930 176 174 174 174
EX1030 237 241 237 237*
EX140 124 124 124 124
EX241 217 217 217 217
EX340 151 151 151 151
EX341 222 221 221 221
EX441 179 172 172 172
EX541 154 148 148 148
EX640 185 184 184 184
EX740 138 137 137 137
EX741 203 203 203 203
EX840 293 273* 293 293
EX940 177 175 175 175
EX1040 240 244 240 240*
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are computed and are presented in Table 2, which includes
the loading and unloading times of the job.

Multi-Objective criteria Minimization of makespan,
mean flow time, mean tardiness.

GA Parameters Population size=200, Archive size=200,
Probability of crossover=0.8, Probability of mutation=0.4,
Number of generations=100.

7 Results and discussions

The Pareto optimal set obtained by the proposed method-
ology for the described FMS environment is given in
Table 3 and the Pareto front is shown in Fig. 4, where the
diameter of the circle represents the mean tardiness of the
corresponding solution.

Extensive testing of the algorithm The authors tested the
standard job shop benchmark instances contributed by Dirk
C. Mattfeld and Rob J.M.Vaessens to the OR library. The
test problem instances proposed by Lawrence [23] are
tested on different FMS layouts. The problems are
categorized into small size problems (SS) involving upto
50 operations, medium size problems (MS) upto 100
operations and large size problems (LS) involving above
100 operations. A few case study results are reported in
Table 4, the corresponding FMS layouts are shown in Fig. 5
and the travel time matrices are given in Table 5. 2 AGVs
are considered and the due dates of the jobs for the test
problems are assumed as the average makespan distributed
equally among the jobs. In most of the test cases the results
were terminated before 100 generations for the probabilities
of crossover and mutation as 0.8 and 0.4, respectively.

8 Conclusions

The present study is focused on the multi-objective
scheduling of FMS using genetic algorithms. The simulta-
neous scheduling of machines and AGVs in FMS are
addressed using the multi-objective hybrid GA for the
minimization of makespan, mean flow time and mean
tardiness objectives. The multi-objective hybrid genetic
algorithm is coded in VC++ and the algorithm presents a
good number of diversified and non-dominated solutions.
In most of the test problems the algorithm is found to be
converged within 100 generations for a crossover and
mutation probabilities of 0.8 and 0.4, respectively.

Acknowledgement The authors are grateful to the unknown
referrers for their constructive suggestions that improved the quality
of this paper.

1 Appendix

The authors tested the performance of the proposed
algorithm for single objective makespan minimization
with the problems reported in literature by Ulusoy et al. [9]
and Abdelamaguid et al. [10] for different t/p ratios
(travelling time/processing time). The results reported in
the literature are compared with the best results obtained by
the proposed method for 20 runs for a population size: 150,
number of generations: 100, probability of crossover: 0.8
and probability of mutation: 0.4 and are reported in
Tables 6 and 7 for t/p ratio >0.25 and t/p ratio <0.25,
respectively.

Excluding the UGA (Ulusoy GA) results of the 7
problems (EX81, EX82, EX83, EX810, EX820, EX830 &
EX840), which are proven to be invalid in Abdelmaguid et
al. [10] and considering the results obtained by STW
(sliding time window) as the optimal solutions, UGA fails
to produce better solutions compared to STW in 6 problems.
AGA (Abdelmaguid GA) performs better in 22 problems
where as UGA in 5 problems out of 82 problems.

The proposed GA (PGA) is superior in most of the cases
or at least equal to the other methods. The results of the
proposed algorithm are better over the AGA in 12 problems
and UGA in 21 problems for the case t/p ratio >0.25.

For t/p ratio <0.25 the proposed algorithm performs
same as the AGA and better in 3 problems over UGA,
where as UGA performs better in 2 problems. At the outset,
out of the 82 problems the proposed method performs
better than UGA in 24 problems and better than AGA in 12
problems.
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