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 The real-time scheduling of automatic guided vehicles (AGVs) in flexible manufacturing system 
(FMS) is observed to be highly critical and complex due to the dynamic variations of production 
requirements such as an imbalance of AGVs loading, the high travel time of AGVs, variation in 
jobs, and  AGV routes to name a few. The output from FMS considerably depends on the effi-
cient scheduling of AGVs in the FMS. The multi-objective scheduling decisions for AGVs by 
nature inspired algorithms yield a considerable reduction throughput time in the FMS. In this 
paper, investigations are carried out for the multi-objective scheduling of AGVs to simultane-
ously balance the workload of AGVs and to minimize the travel time of AGVs in the FMS. The 
multi-objective scheduling is carried out by the application of nature-inspired grey wolf optimi-
zation algorithm (GWO) to yield a balanced work-load for AGVs and also to minimize the travel 
time of AGVs simultaneously in the FMS. The output yield of the GWO algorithm is compared 
with the results of benchmark problems from the literature. The resulting yield of the proposed 
algorithm for the multi-objective scheduling of AGVs is observed to outperform the existing 
algorithms for scheduling of AGVs.    
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1. Introduction 
 
In this era of rapidly varying demands for product and production outputs, maintaining high production 
outputs for customized products from the programmable production centers operating in a flexible 
manufacturing system (FMS) is indeed one of the most challenging tasks. The FMS consists of 
programmable production systems which comprise machining centers, automatic inspection centers, 
automated material handling systems and automated storage and retrieval systems (Singh & Singh, 
2012). Scheduling in the FMS can be defined as a procedure to prioritize and to take decisions for 
allocation of different jobs to different FMS resources under some set of constraints. The selection and 
application of appropriate scheduling decisions are equally significant for scheduling of material han-
dling systems as well as for the scheduling of programmable production centers in the FMS. A multi-
fold increase in productivity of FMS can be observed with appropriate coordination and scheduling 
between programmable production systems and automated material handling systems. The automatic 
guided vehicles (AGVs) are commonly deployed in the FMS facility to cater the material transfer re-
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quirements from one production center to another. The real-time FMS operations are significantly sus-
ceptible to the dynamic change of manufacturing system variables due to which, the development of 
AGVs schedule also becomes complex and critical. The simultaneous multi-objective scheduling deci-
sions to transfer jobs by more than one AGV in the FMS facility can reduce throughput time and also 
lower down the makespan significantly (Kashyap & Thakkar, 2012). Therefore in the present study, an 
attempt is carried out for the development of a muti-objective schedule of two AGVs serving in FMS 
under different scenarios of production centers so as to balance the workload of AGVs and simultane-
ously minimize the AGVs total travel time by application of a nature-inspired grey wolf optimization 
(GWO) algorithm. This leads to improve the utilization of AGVs and also increase the productivity of 
the FMS. 
 
2. Literature Review 

 
The AGV scheduling system assigns job transfer task from one production center to another by the 
moving AGVs. The AGVs according to the schedule performs pick and drop-off action for parts to and 
from the required workstation, after fulfilling certain conditions. The sustainable profits in business 
operations can be achieved through optimum utilization of resources   (Chawla et al., 2018c). Optimum 
AGV scheduling assures optimum utilization of the resources along with no adverse effect on the sys-
tem makespan. An optimum schedule also assures minimum travel time for AGVs in the FMS (Akturk 
& Yilmaz, 1996). An agent-based scheduling system for the FMS was proposed by the Saad et al. 
(1997a, 1997b). Authors developed a bidding production reservation scheme (BPRS) on a contract net 
protocol so as to yield the production schedule for each part. The percentage tardy of jobs was mini-
mized by the rescheduling scheme. Authors found that the BPRS backward scheduling increases the 
percentage tardy of jobs in comparison to BPRS forward scheduling. Qiu et al. (2002) reported some 
drawbacks of improper scheduling of AGVs in FMS namely AGVs collisions – when one or more 
AGV cruise on the same track at the same time then a collision between AGVs may happen. Congestion 
– when too many AGVs cruise on same track then chances of congestion rise up further lowering the 
throughput of the system. Livelocks – at the intersection point sometimes higher priority are given to 
one AGV to cruise on a layout in comparison to other AGV which cause livelocks. Deadlocks – when 
more than one AGVs on the same path wait for the release of work assignment then situation of dead-
lock arises. The profit from the manufacturing systems can be maximized with a reduction in time spent 
in manufacturing and material handling activities. This objective can only be achieved by generation 
of optimum schedules for material handling operations and manufacturing operations. The material 
handling time of AGVs can be reduced by performing dynamic scheduling so that AGV idle time, total 
travel time can be reduced. Several researchers have done significant research in this area. Nayyar and 
Khator (1993) evaluated the effect of different dispatching rules for multi-load AGVs, on the overall 
throughput of the AGV system. Authors compared the performance of unit load AGVs and multi-load 
AGVs. Levitin and Abezgaouz (2003) developed an algorithm for finding the shortest route out of 
available routes and further validated the performance of the algorithm by solving benchmark problems 
from the literature. Yang et al. (2004) considered real-time manufacturing conditions and applied time 
window constraint for online scheduling of AGVs and further generated feasible scheduling solutions. 
Authors found that time window constraint every time generate a new service request along with new 
assignment schedule for AGVs. Beam search algorithm for dynamic scheduling of AGVs serving in 
FMS was proposed by Meersmans (2002). It was found that scheduling depends on the length of the 
planning horizon and after completion of the planning horizon, rescheduling is carried out. Authors 
mentioned that results from beam search algorithm found to be good for longer planning horizons and 
frequent rescheduling. Similar directions of research on AGV scheduling were also presented by the 
Powell et al. (2000) and Fleischmann et al. (2004). A new flexibility priority rule along with MILP 
approach for locating idle vehicles was presented by Grunow et al. (2005) Authors considered total 
lateness of the AGVs before application of the newly developed approach. Jerald et al. (2006) addressed 
the simultaneous scheduling problem of AGVs and machining centers. Authors tried to minimize pen-
alty cost and machine idle time by introducing an application of an adaptive genetic algorithm (AGA) 
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and validated the performance of the AGA algorithm by comparing its results with the results of the 
conventional genetic algorithm and it was observed that the AGA outperforms the conventional genetic 
algorithm. Regression-based metamodels in an FMS to simulate discrete event models was developed 
by Kumar and Sridharan (2010), Authors applied seven scheduling rules on the AGVs. For the applied 
algorithms and scheduling rules, authors found that fewest number of operations (FNOP), and earliest 
modified due-date (EMDD) and Koulamas algorithm yield better results for various factors such as 
mean tardiness, percentage tardy and mean flow time for the work transfer by AGVs in the FMS. 
Udhayakumar and Kumanan (2010) performed multi-objective task scheduling of AGVs in the FMS. 
Authors applied and compared the performance of the genetic algorithm and ant colony optimization 
algorithm (ACO) for the multi-objective task scheduling of AGVs. In their findings, the authors ob-
served the performance of ACO algorithm better than the genetic algorithm. A vehicle routing issue 
with uncertain demands and distributions was resolved by the Moghadam et al. (2010, 2012). Authors 
introduced an advanced particle swarm optimization algorithm for solving uncertainty in the vehicle 
routing problem and results of the applied algorithm were validated by comparing them with the re-
sulting yield of existing algorithms. In order to address the production planning problems statically and 
dynamically, Sadjadi and Makui (2002) introduced a novel method. Sadrabadi and Sadjadi (2009) 
introduced an interactive algorithm and solved multi-objective problems. The algorithm solved 
nonlinear utility effectively and also developed solutions towards the feasible area. Sadaghiani et al. 
(2014) applied an efficient integrated heuristic algorithm and solved a multi-objective optimization 
problem for maximizing the workload of jobs, makespan minimization, and total system load. A multi-
agent criterion for scheduling of vehicles by applying bidding criteria was developed by Erol et al. 
(2012) further, authors applied to bid criteria on real-time manufacturing agents and validated the meth-
odology on benchmark problems from the literature. In their research real-time schedules found to be 
comparable with the schedules developed from the application of other optimization algorithms. An 
integrated hybrid genetic algorithm for optimization of various variables such as AGV travel time, 
makespan, penalty cost due to tardiness and delay due to conflict avoidance was introduced by Umar 
et al. (2015). Authors integrated FMS resources namely scheduling rules, dispatch rules, machine cen-
ters, and AGVs and applied fuzzy logic to control the overall performance of the algorithm. Authors 
observed that integrated scheduling of jobs, machine centers, and AGVs scheduling, in the FMS can 
yield impressive utilization. Komaki and Kayvanfar (2015) applied a grey wolf optimization algorithm 
for two-stage assembly flow shop scheduling problem considering the release time of fabrication jobs 
and assembly jobs. Similarly, Lu et al. (2017) solved a multi-objective dynamic scheduling problem by 
application of grey wolf optimization algorithm for the welding operations. In order to address real-
time dynamic scheduling problem for welding operations and to minimize the makespan, the authors 
considered job quality, machine reliability and job delay along with controlling process time, sequence-
dependent time and job transport time in the formulated scheduling problem. The loading and unload-
ing problems for the FMS was solved by Singh and Khan (2016). Authors developed an efficient ana-
lytical method for the solution of loading and unloading problems. The appropriate selection and ap-
plication of the material handling system’s equipment is a strategic decision (Sen et al., 2017). Chanda 
et al. (2018) and Chawla et al. (2018a, 2018b, 2018d, 2018e) applied the modified memetic particle 
swarm optimization (MMPSO) algorithm, clonal selection (CS) algorithm and grey wolf optimization 
(GWO) algorithm for the simultaneous scheduling of AGVs and optimization of AGVs fleet size in the 
FMS. Angra et al. (2018) evaluated the performance of different priority dispatching rules when applied 
to multi-load AGVs in variable sized FMS configurations. 
 

From the literature review, a potential research gap is observed to fill for the simultaneous multi-
objective job scheduling of AGVs by the application of a grey wolf optimization algorithm for different 
sizes of FMS layouts. In light of the aforesaid research gap, in the present study, an attempt is made to 
develop simultaneous multi-objective schedules for two AGVs operating in three different sizes of 
FMS layouts so as to simultaneously balance job transfer work-load between the AGVs and minimize 
the AGVs travel time by using grey wolf optimization algorithm.  
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3. Problem Definition 
 

3.1 Assumptions and limitations 
 

The following assumptions are considered in the present study. 
i. The AGVs fleet size is considered to be of two. 

ii. The AGV can deliver and pick upload to/from the production center for a certain number of 
times only. 

iii. The AGV will prioritize the jobs and will complete one job at a time. After completion of a job 
request, the AGV will take another job request.   

iv. In case both AGV’s receive a request to serve the same production center, then AGV at least 
distance from the production center will be permitted first. In case both AGVs are at the same 
distance then AGV having the higher priority according to the priority dispatching rule will be 
allowed first to serve production center in the FMS facility. 

v. The loading and unloading of jobs on production center will be carried out by the AGVs only. 
vi. The AGVs are reliable and free from any kind of the failure in service. 

 

3.2 Problem Statement 
 

Two AGVs are serving in three different FMS, a multi-objective simultaneous scheduling has to be 
carried out for AGVs job balancing and for AGVs minimum travel time by application of the grey wolf 
optimization algorithm. The analytical combined weighted objective function for the problem is men-
tioned in equation 1. 

   1 1 2 2 1 2min  Z p T T p T T        (1)

1 1

2 2

1 2

1 2

1 
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Gross traveling times for AGV

Gross traveling times for AGV

 Work balance of both AGVs

Total travel time of both

= 0.6, normalized weight applied for AGVs work load

 AGVs

T

T

T T

T T

p





 

 



 
 

2 

 balancing.

= 0.4, normalized weight applied for AGVs minimum travel time schedule.p

 

 

The selection of weight value for the premultiplication with the formulated objective problem of a 
multi-objective problem significantly depends on the comparative importance of the unit objective 
among all the objectives which are formulated in a multi-objective problem. The AGVs in FMS facility 
are used for material transfer operations, the workload balance of AGVs also reflects the FMS balance 
up to some extent. Therefore the work balance of AGVs must be given more relative significance in 
terms of the applied weights in comparison to the total travel time. In view of this, the p1 = 0.6 (higher 

weight) is applied for multiplication with  1 2T T   i.e. work balance of the AGVs and p2 = 0.4 

(lower weight) is applied for multiplication with 1 2T T   i.e. a total travel time of both AGVs. 
 

4. Algorithms Overview 
 

3.1 Grey Wolf Optimization Algorithm  
 

The grey wolf optimization (GWO) algorithm is a nature-inspired meta-heuristic algorithm which 
works on the basis of the leadership hierarchy and the intelligent hunting process of the grey wolves. 
The grey wolfs has a natural tendency to carry out hunting of a prey in a group. In the algorithm, the 
group of wolfs is considered in which the leader wolf also referred as α wolf has the highest hierarchy 
and takes decisions about the actions and behavior of other wolfs in the group. In a group of wolfs, 
only α wolf is allowed to perform a mating action in the group of wolfs. It is not necessary for alpha 
(α) wolf to be the strongest wolf in the group but the α wolf posses the best management capabilities 
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within the group. The beta (β) wolf has the second best command in the group. The β wolf assists the 
α wolf and also act as middle manager between the α wolf and another wolf in the group. The other 
decreasing authority level in the group is maintained by the delta (∆) and omega (ω) wolf respectively. 
The ∆ wolf act as assistant to α and β wolf and also maintain third best command in the group of the 
wolfs. The ω wolf has the lowest level of hierarchy in the group and ω wolf follows orders and instruc-
tions of a ∆, β and α wolf. In the GWO algorithm four types of grey wolves, representing the four 
fitness functions and also called α, β, ∆, and ω are applied for the simulation. The main steps of the 
algorithm are as follows (Mirzalili et al., 2014; Mirzalili et al., 2016), 
 

i) a search of prey  
ii) encircle the prey 

iii) attack the prey and then  
iv) hunt the prey 

 

 
 

During the iteration of the algorithm, a number of wolves and their positions are initially generated. 
The survival of the best fitness function is known as alpha (α) thereafter, the second and the third best 
fitness function are known as beta (β) and delta (Δ), respectively. The rest of the solution is known as 
omega (ω) (Mirzalili et al., 2014; Mirzalili et al., 2016; Bozorg-Haddad, 2017). If ( )Xp t


and ( )X t


 

represents the position of prey and wolf respectively at the current iteration of the GWO algorithm then 
the encircling behavior of grey wolf algorithm can be modeled in the following equation: 
 

=  .  ( ) -  ( )D C Xp t X t
  

, (2) 

( 1) ( ) - .X t Xp t A D 
  

, (3) 

where, 

 t = number of iteration, 

 and A C
 

 = coefficient vectors of the bootstrap program,  

( )Xp t


= position vector of prey.  

X


= position vector of the grey wolf. 

D


= Calculation of vector, to specify the new position of the grey wolf. 
12  .  -  ,     A a r a

   
                                                                        (4)

2,2C r
 

                                                           (5)

a
= The linear decrease of vector set from 2 to 0 during the iteration. 

1 2 and r r
  = The random vectors in [0, 1]. 

The grey wolf at (x, y) location move and update its location according to the prey location (x’, y’). In 
the algorithm, the position of the best agent is defined according to the position of the grey wolf and 
prey by controlling  and A C

 
. Furthermore, the hunting behavior of grey wolves is iterated considering 

that the wolves will not quit the attacking phenomena until the prey stops its movement. The value of 
a
  reduces during the simulation of the algorithm and the fluctuation rate  A


 also reduced during the 

simulation. The alpha (α, best agent), beta (β) and delta (Δ) have the information about the location of 
the prey and accordingly the algorithm stores the three best solutions and thereafter, it starts the omega 
(ω), as the fourth agent to update its position in the algorithm to achieve the best location within the 
search space. The alpha (α), beta (β) and delta (Δ) estimate the prey’s location and location update of 
wolves around the prey are carried out by the omega (ω). The process of grey wolf optimizing algorithm 
is portrayed as flowchart and pseudo-code in Fig. 1 and Fig. 2, respectively. 
The GWO algorithm is modeled in following equations. 

 

1 .   D C X X    
  

 (6)

2   .     D C X X    
  

 (7)

3 .    D C X X  
  

 (8)
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 2 2 .( )   X X A D  
  

 (10)

 3 3 .( )      X X A D  
  

 (11)

1 2 3
  ( 1)

3
    X X X

X t
 
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(12)

 
 
 
 
 
 
 
 
 

 

 

 

                                                           

                                         

                                                                                                                          No 

     

                                                         Yes 

 

 

  

 

                                                                                                                                 

                                                                                       

                                                                                                                                        

   

 

  

Fig. 1. Flowchart of grey wolf optimization algorithm 

Stop

Initialization of the population a, A and C ac-
cording to the combined objective function 

Evaluate the fitness function of search agents (α, β, Δ, and ω) 

Updating the value of a, A and C

Updating search agent location 

Again evaluate the fitness function of search agents (α, β, Δ, and ω) 

Storage for best solution value of combined objective function 

t < Max number of iteration? 

   Start

Again updating the value of a, A and C 
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Fig. 2. Pseudo-code of grey wolf optimization algorithm 

 
3.2 The GWO algorithm application on the AGVs jobs scheduling 
 
In order to apply the GWO algorithm in scheduling problem, some changes are carried out in the algo-
rithms as mentioned below. 
 
Step 1: Population initialization.  
 
Let K max is the number of wolves in the group and Xp(t) and Xi(t) shows the position of the grey wolf 
“i” and prey “p” and, i=1, 2,3,4…., K max, at “t” iteration in the algorithm. In this paper, the wolf 
represents the AGVs jobs scheduling. Initially, the AGVs jobs scheduling is calculated randomly by 
assignment of some random value between 0 to 1 and after that to find the job schedule the highest 
position magnitude (HPM) rule is applied. For example, if there are six jobs for AGVs each job is 
assigned with a random value as also shown in figure 3. The AGVs job schedule based on HPM can be 
considered as ψ = (2, 4, 3, 1, 6, and 5). In the proposed procedure the wolf represents the AGVs job 
schedule and both terms can be used interchangeably.  
 
  
 
 
                                                                     Fig. 3. The randomized AGVs job schedule 
Step 2: Sequencing of wolfs. 
 
The performance of any metaheuristic approach for a yield of good quality of output solutions signifi-
cantly depends upon the quality of the initial solutions, considering this fact, in order to improve quality 
of the randomly generated initial solutions the Nawaz-Enscore-Ham algorithm (Nawaz et al. 1983) is 
applied. The jobs permutation yield from Nawaz-Enscore-Ham algorithm is converted by assigning 1 
to the first job in AGV job schedule, 1-1/n to the second job in AGV job schedule, 1− 2/n to the third 
job in the AGV job schedule and similarly it follows till assignment of the last job. 
 
Step 3: Evaluation of fitness of α, β, and Δ wolf. 
 
The fitness of solutions (job schedule) is found by equation (13 and 1): 

     for 1,  2,  . . .,  maxF Xi Z Xi i K    (13)

Where μ is the highest positive value and the value of Z (Xi) can be found from equation (1). 
 

Input:  Problem Size, Population size 
Output: Pg _ best 
Start 
          Initialize the population of grey wolves Xi (i = 1, 2, ... , n) 
          Initialize a, A, and C according to combined objective function 
          Calculate the fitness values of search agents and grade the agents.                
         (Xα = the best solution within the search agent, Xβ = the second best solution  
          within the search agent, and Xδ = the third best solution within the search    
          agent) t = 0 
         While (t < maximum number of iterations) 
                    For each search agent 
                           Update the position of the current search according to the equation  
                    End for 
         Update value of a, A, and C  according to combined objective function 
         Again Calculate the fitness values of all search agents and grade them 
         Again update the position of  Xα, Xβ, and Xδ 
          t = t+1 
         Store the best solution value. 
         End while 
End 

AGV job j 1 2 3 4 5 6 

Randomized value 0.51 0.85 0.68 0.73 0.31 0.4 
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Step 4: Sorting α, β, and Δ wolf. 
 
Arrange the schedule of jobs according to their fitness value yield, the first job schedule is considered 
to be Xα, the second job schedule will be Xβ and the third job schedule will be XΔ respectively. The Xα, 
Xβ, and XΔ have a significant effect on the convergence rate and quality of solution yield from the 
algorithm. In order to yield better and improved quality of solutions after arranging the order of jobs 
schedule a local search algorithm was applied to the Xα, Xβ, and XΔ. If the solution yield of applied 
algorithm remains same and does not improve for the ten numbers of repetitive iterations of the 
algorithm then the local search algorithm will select an appropriate job schedule from the available jobs 
schedule and reinsert it in all possible position to finally select the best possible job schedule. The same 
procedure will be carried out for all the jobs. The pseudo-code for the local search for the solutions is 
also portrayed in figure 4. After iterating the local search algorithm for Xα, Xβ, and XΔ their fitness 
values is calculated. If some deviation is observed in previous fitness values in comparison to new 
fitness of solutions from the application of local search for then update the order of Xα, Xβ, and XΔ. 
 
Step 5: Position update of wolfs. 
Apply the equation (12) to update ω wolf position. 
Step 6: Evaluation of the fitness of wolfs. 
Apply step 2 to calculate the fitness of each wolf after the movement of wolves. 
 
Step 7: Updating the α, β and Δ wolfs in the group. 
The performance and role of wolfs are decided by their fitness value in their group. The wolf with the 
highest fitness value has the highest order in the group. The wolf order is maintained in form of α, β, 
and Δ respectively according to the fitness values of the wolves. During the update of the fitness values 
of wolves, the wolves’ position also changes leading to change in the role of wolves in the group. Hence 
after the update, in order to find the best solution values, the new values of α, β, and Δ should be 
calculated and updated accordingly. The steps 5-7 are repeated until the termination criterion is 
achieved. 

 
Input ψpresent, 
Output ψ * 
ψ* = ψ present 
For i = 1: n 
    ψ(i) = ψ present 

     Remove the job i form ψ(i)
 

     For j=1: n and j≠i 

       Insert the job i in position j of ψ(i) to get ψ(i)-(j) 
       If Z min (ψ(i) - (j)) < Zmin(ψ(i)) 
                 ψ(i) = ψ(i) - (j) 
       end 
    end 
    ψ present = ψ(i) 
end 
If Z min (ψ present) < Z min(ψ*) 
    ψ* = ψ present 
end 
return ψ* 

Fig. 4. Pseudocode for the local search for solutions 
 

4. Numerical Example and Results  
 

Three different sizes of FMS as a benchmark problem from literature (Udhayakumar and Kumanan, 
2010) are considered in this study for the investigations. The three sizes of FMS layouts constitutes of 
3, 4 and 5 production centers along with one load and unload center each. All three sizes of FMS layouts 
are served by the two AGVs to transfer and load–unload jobs to the production centers. If an AGV is 
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transferring a job from one production center to another then the travel time spent on job transfer is to 
be considered as AGV job time and the two AGVs are scheduled to balance job transfer workload in 
between them and also to minimize the AGVs job transfer times simultaneously. Two objectives should 
be accomplished in develop schedule such that the AGVs job transfer time should be equal for both the 
AGVs on the basis of their travel time and also the AGVs job transfer time in the optimum schedule 
should be minimum. This multi-objective simultaneous schedule is optimized by the application of a 
grey wolf optimization algorithm. The AGV has to transfer job 5 times in each FMS facility, the AGV-
production center travel-time matrix for FMS layout 1, 2 and 3 are presented in table 1, 2 and 3 respec-
tively (Udhayakumar & Kumanan, 2010). The normalized weight is considered to be p1 = 0.6, p2 = 0.4 
for balancing the job transfer load on both the AGVs and minimizing the job transfer travel time by the 
AGVs in the FMS layouts respectively. 
 
The optimum yield of grey wolf optimization algorithm depends on several factors such as grey wolves’ 
size, iteration run, and parameter setting applied in the algorithm. For the present study, the GWO 
algorithm is iterated on a computer with Intel(R) Core(TM) i5 processor specifications. The algorithm 
was simulated for 50 iterations thereafter cooled off. The population size of the grey wolves was con-
sidered to be 50. The parameter setting of the algorithm is carried out with two random vectors 1 2r  and r

   
in range of (0, 1) and the controlling parameter a

  had a linearly reducing value from 2 to 0 in the 
iteration process. The resulting yield of GWO algorithm is compared with the resulting yield of other 
algorithms namely GA and ACO, from the literature (Udhayakumar & Kumanan, 2010) and also pre-
sented in table 4. After the completion of iterations of algorithm the GWO reduces the combined ob-
jective function by 2.7% and 2.1% in comparison to the GA and ACO respectively for the FMS facility 
working with 3 production centers and the combined objective function is reduced by 5.7% and 2.9% 
in comparison to the GA and ACO respectively for the FMS facility functioning with 4 production 
centers. Furthermore, the combined objective function yield from GWO is also reduced for FMS layout 
operating with 5 production centers by 5.3% and 3.7% in comparison to GA and ACO respectively. 
The output results clearly cast a light on the better performance of the GWO algorithm for the multi-
level simultaneous scheduling decisions for AGVs in the FMS resources.  
 
Table 1 
AGV- Production center travel-time matrix for FMS layout 1 

AGV 
Production centers 

PC 1 PC 2 PC 3 
1 20 25 40 
2 25 30 45 

 
Table 2 
AGV-Production center travel-time matrix for FMS layout 2 

AGV 
Production centers 

PC 1 PC 2 PC 3 PC 4 
1 18 21 43 48 
2 15 16 42 50 

 
Table 3 
AGV-Production center travel-time matrix for FMS layout 3 

AGV 
Production centers 

PC 1 PC 2 PC 3 PC 4 PC 5 
1 20 25 35 42 54 
2 25 40 45 50 55 
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Table 4 
Comparison of the combined objective function yield for the three sizes of FMS layout 

S. No. 
Number of 

production center 
in FMS layout 

Genetic algorithm 
(Udhayakumar & Kumanan, 

2010) 

Ant colony optimization 
(Udhayakumar & Kumanan, 

2010) 

GWO algorithm 
(Proposed) 

1 3 185 184 180 
2 4 210 204 198 
3 5 242 238 229 

 
5. Conclusion 

 
This paper presents the multi-objective scheduling of two AGVs serving in FMS under three different 
scenarios of production centers to balance the workload among the two AGVs and to minimize the 
AGVs travel-time simultaneously. The multi-objective scheduling is performed by the application of 
nature-inspired grey wolf optimization algorithm (GWO) while transferring the jobs to the different 
number of production centers within the FMS. The output yield of combined objective function by the 
nature-inspired GWO algorithm is compared and validated with the output yield of benchmark prob-
lems from the literature. The output yield of nature-inspired GWO in form of the combined objective 
function is observed to be better than the resulting yield of genetic algorithm (GA) and ant colony 
optimization (ACO) algorithm available in the literature. The proposed procedure is observed to reduce 
the combined objective function and accordingly a significant improvement in the overall utilization of 
AGVs and increase in the FMS productivity can be yield. The proposed scheduling procedure can also 
be applied to optimize the different scheduling objectives separately or in combination with the differ-
ent FMS configurations operating with same or different resources.  
 
6. The scope of future work 
 
In future, the research work can be carried out for multi-objective integrated scheduling decisions for 
the multi-load AGVs and other FMS resources. Furthermore, for scheduling bio-inspired algorithm, 
hybrid algorithms, artificial intelligence algorithms such as modified memetic particle swarm optimi-
zation algorithm or clonal selection algorithm etc. can also be attempted. 

 

References 

Akturk, M. S., & Yilmaz, H. (1996). Scheduling of automated guided vehicles in a decision-making 
hierarchy. International Journal of Production Research, 34(2), 577-591. 

Angra, S., Chanda, A., & Chawla, V. (2018). Comparison and evaluation of job selection dispatching 
rules for integrated scheduling of multi-load automatic guided vehicles serving in variable sized 
flexible manufacturing system layouts: A simulation study. Management Science Letters, 8(4), 187-
200. 

Bozorg-Haddad, O. (2017). Advanced Optimization by Nature-Inspired Algorithms. 
Chanda, A., Angra, S., & Chawla, V. (2018). A Modified Memetic Particle Swarm Optimization Al-

gorithm for Sustainable Multi-objective Scheduling of Automatic Guided Vehicles in a Flexible 
Manufacturing System. International Journal of Computer Aided Manufacturing, 4(1), 33-47. 

Chawla, V.K., Chanda, A., & Angra, S. (2018a). Scheduling of multi-load AGVs in FMS by modified 
memetic particle swarm optimization algorithm. Journal of Project Management, 3(1), 39-54. 

Chawla, V.K., Chanda, A., & Angra, S. (2018b). Automatic guided vehicles fleet size optimization for 
flexible manufacturing system by grey wolf optimization algorithm. Management Science Letters, 
8(2), 79-90. 

Chawla, V., Chanda, A., Angra, S., & Chawla, G. (2018 c). The sustainable project management: A 
review and future possibilities. Journal of Project Management, 3(3), 157-170. 



V.K. Chawla et al. / Journal of Project Management 4 (2019) 29

Chawla, V.K., Chanda, A., & Angra, S. (2018d). A clonal selection algorithm for minimizing distance 
travel & back-tracking of automatic guided vehicles in a flexible manufacturing system. Journal of 
The Institution of Engineers (India): Series C, DOI: 10.1007/s40032-018-0447-5. 

Chawla, V.K., Chanda, A., & Angra, S. (2018e). Sustainable multi-objective scheduling for automatic 
guided vehicle and flexible manufacturing system by a grey wolf optimization algorithm. Interna-
tional Journal of Data and Network Science. DOI: 10.5267/j.ijdns.2018.6.001 

Erol, R., Sahin, C., Baykasoglu, A., & Kaplanoglu, V. (2012). A multi-agent based approach to dy-
namic scheduling of machines and automated guided vehicles in manufacturing systems. Applied 
Soft Computing, 12(6), 1720-1732. 

Fleischmann, B., Gnutzmann, S., & Sandvoß, E. (2004). Dynamic vehicle routing based on online traf-
fic information. Transportation Science, 38(4), 420-433. 

Grunow, M., Günther, H. O., & Lehmann, M. (2005). Dispatching multi-load AGVs to highly auto-
mated seaport container terminals. Container Terminals and Automated Transport Systems Part I, 
231-255. 

Jerald, J., Asokan, P., Saravanan, R., & Rani, A. D. C. (2006). Simultaneous scheduling of parts and 
automated guided vehicles in an FMS environment using the adaptive genetic algorithm. The Inter-
national Journal of Advanced Manufacturing Technology, 29(5), 584-589. 

Kashyap, S. K., & Thakkar, J. (2012). Job-Shop Scheduling in a Make-to-Order Company: An appli-
cation of ‘Palmer’s Heuristic Approach’ and ‘Two Machine Fictitious Rule’. Journal of The Insti-
tution of Engineers (India): Series C, 93(1), 103-109. 

Komaki, G. M., & Kayvanfar, V. (2015). Grey Wolf Optimizer algorithm for the two-stage assembly 
flow shop scheduling problem with release time. Journal of Computational Science, 8, 109-120. 

Kumar, N. S., & Sridharan, R. (2010). Simulation-based meta-models for the analysis of scheduling 
decisions in a flexible manufacturing system operating in a tool-sharing environment. The Interna-
tional Journal of Advanced Manufacturing Technology, 51(1-4), 341-355. 

Levitin, G., & Abezgaouz, R. (2003). Optimal routing of multiple-load AGV subject to LIFO loading 
constraints. Computers & Operations Research, 30(3), 397-410. 

Lu, C., Gao, L., Li, X., & Xiao, S. (2017). A hybrid multi-objective grey wolf optimizer for dynamic 
scheduling in a real-world welding industry. Engineering Applications of Artificial Intelligence, 57, 
61-79. 

Meersmans, P. J. M. (2002). Optimization of container handling systems. 
Mirjalili, S., Mirjalili, S. M., & Lewis, A. (2014). Grey wolf optimizer. Advances in Engineering Soft-

ware, 69, 46-61. 
Mirjalili, S., Saremi, S., Mirjalili, S. M., & Coelho, L. D. S. (2016). Multi-objective grey wolf opti-

mizer: a novel algorithm for multi-criterion optimization. Expert Systems with Applications, 47, 106-
119. 

Moghadam, B. F., Sadjadi, S. J., & Seyedhosseini, S. M. (2010). An empirical analysis on robust vehi-
cle routing problem: a case study on drug industry. International Journal of Logistics Systems and 
Management, 7(4), 507-518.  

Moghaddam, B. F., Ruiz, R., & Sadjadi, S. J. (2012). Vehicle routing problem with uncertain demands: 
An advanced particle swarm algorithm. Computers & Industrial Engineering, 62(1), 306-317. 

Nawaz, M., Enscore Jr, E. E., & Ham, I. (1983). A heuristic algorithm for the m-machine, n-job flow-
shop sequencing problem. Omega, 11(1), 91-95. 

Nayyar, P., & Khator, S. K. (1993). Operational control of multi-load vehicles in an automated guided 
vehicle system. Computers & Industrial Engineering, 25(1-4), 503-506. 

Powell, W. B., Towns, M. T., & Marar, A. (2000). On the value of optimal myopic solutions for dy-
namic routing and scheduling problems in the presence of user noncompliance. Transportation Sci-
ence, 34(1), 67-85. 

Qiu, L., Hsu, W. J., Huang, S. Y., & Wang, H. (2002). Scheduling and routing algorithms for AGVs: a 
survey. International Journal of Production Research, 40(3), 745-760. 

Saad, A., Biswas, G., Kawamura, K., & Johnson, E. M. (1997a). The effectiveness of dynamic resched-
uling in agent-based flexible manufacturing systems. In Architectures, Networks, and Intelligent 



 

30 

Systems for Manufacturing Integration (Vol. 3203, pp. 88-100). International Society for Optics and 
Photonics. 

Saad, A., Kawamura, K., & Biswas, G. (1997b). Performance evaluation of contract net-based heterar-
chical scheduling for flexible manufacturing systems. Intelligent Automation & Soft Computing, 
3(3), 229-247. 

Sadaghiani, J., Boroujerdi, S., Mirhabibi, M., & Sadaghiani, P. (2014). A Pareto archive floating search 
procedure for solving the multi-objective flexible job shop scheduling problem. Decision Science 
Letters, 3(2), 157-168. 

Sadjadi, S. J., & Makui, A. (2002). An Algorithm to Compute the Complexity of a Static Production 
Planning (RESEARCH NOTE). International Journal of Engineering-Transactions A: Basics, 
16(1), 57-60. 

Sadrabadi, M. R., & Sadjadi, S. J. (2009). A new approach to solve multiple objective programming 
problems. International Journal of Industrial Engineering & Production Research, 20(1), 41-51. 

Sen, K., Ghosh, S., & Sarkar, B. (2017). Comparison of Customer Preference for Bulk Material Han-
dling Equipment through Fuzzy-AHP Approach. Journal of The Institution of Engineers (India): 
Series C, 98(3), 367-377. 

Singh, R., & Khan, B. (2016). Meta-hierarchical-heuristic-mathematical-model of loading problems in 
a flexible manufacturing system for development of an intelligent approach. International Journal 
of Industrial Engineering Computations, 7(2), 177-190 

Singh, S. K., & Singh, M. K. (2012). Evaluation of productivity, quality, and flexibility of an advanced 
manufacturing system. Journal of The Institution of Engineers (India): Series C, 93(1), 93-101. 

Udhayakumar, P., & Kumanan, S. (2010). Task scheduling of AGV in FMS using non-traditional op-
timization techniques. International Journal of Simulation Modelling, 9(1), 28-39. 

Umar, U. A., Ariffin, M. K. A., Ismail, N., & Tang, S. H. (2015). Hybrid multiobjective genetic algo-
rithms for integrated dynamic scheduling and routing of jobs and automated-guided vehicle (AGV) 
in flexible manufacturing systems (FMS) environment. The International Journal of Advanced 
Manufacturing Technology, 81(9-12), 2123-2141.  

Yang, C., Choi, Y., & Ha, T. (2004). Simulation-based performance evaluation of transport vehicles at 
automated container terminals. OR Spectrum, 26(2), 149-170.  

 
 

 

© 2018 by the authors; licensee Growing Science, Canada. This is an open access ar-
ticle distributed under the terms and conditions of the Creative Commons Attribution 
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

    



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


