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 The application of material handling robots (MHRs) has been commonly observed in flexi-
ble manufacturing systems (FMS) for efficient material handling activities. In order to gain 
maximum throughput, minimum tardiness from the minimum investment of funds for the 
material handling activities, it is important to determine the optimum numbers of MHRs 
required for efficient production of jobs in the FMS. In the present work, the requirement of 
MHRs is optimized for different FMS layouts by using a heuristic procedure. Initially, a 
mathematical model is proposed to identify the MHRs requirement to perform the material 
handling activities in the FMS, later on, the model is optimized by simulating a novel heu-
ristic procedure to find the required optimum number of MHRs in the FMS. The proposed 
methodology is found to be generic enough and can also be applied in various industries 
employing the MHRs.  
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1. Introduction 
 
The flexible manufacturing system (FMS) consists of flexible, reprogrammable, highly advanced 
and accurate computer-controlled manufacturing systems and accessories. The sustainable FMS 
operations can be realized by keeping minimum waiting time or idle time of manufacturing centers 
and by yielding optimum utilization of other manufacturing resources of FMS, simultaneously (An-
gra et al., 2018; Chanda et al., 2018; Chawla et al., 2017; 2018a  2018b; 2018c; 2018d; 2018e; 
2018f; 2018g; 2019). The optimum utilization of FMS resource assures high throughput with min-
imum makespan. The material handling robot (MHR) is used in the FMS facility for material han-
dling operations. MHRs are capable of load /unload and transfer jobs in semi-finished or in finished 
condition between the work centers and other designated points in the FMS facility. The application 
of MHRs for material handling operations can also be commonly observed in a number of auto-
mated commercial industries such as flexible manufacturing facilities, semiconductor industries, 
sea-port container terminals, automobile industries, etc. The association of FMS and MHRs can 
yield a significant increase in the throughput for entire FMS. With a high degree of control and 
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flexibility, the performance of MHRs is found to be remarkable compared with other conventional 
material handling equipment applied for manufacturing operations. From the research of Tompkins 
and White (1984), it is evident that 20-50% of operations’ expenditure are incurred only in the 
material handling activities hence optimum allocation and utilization of material handling resources 
are of paramount importance for savings in overall operational cost of any manufacturing plant. In 
real time manufacturing conditions, the scheduling and dispatching of MHRs is found to be complex 
and critical therefore under real time manufacturing conditions the resources are found to be ex-
ceeding than their actual requirements and sometimes the resources are found to be insufficient. To 
avoid over and insufficient investment of funds in FMS resources the estimation and selection of 
the optimum quantity of resources becomes highly significant. The estimation and optimization of 
MHRs fleet size in FMS is one of the significant steps for optimum utilization of resources and 
invested funds in the FMS facility (Mahadevan & Narendran, 1990; Ganesharajah et al., 1998). In 
this paper, optimization of MHRs fleet size to be deployed in different sizes of FMS layout is carried 
out. Initially, the problem is solved analytically and later on the results are further optimized by 
using a novel heuristic procedure. The applied methodology of optimization is found to be generic 
and can also be applied effectively to different sizes of FMS layouts. In the present study, various 
variables namely job sequence, job mix, processing time, job flow, a loading-unloading station and 
number of work centers are considered in the analytical model and further for optimization of MHRs 
fleet size by the MMPSO algorithm. 
 
The appropriate selection of MHR’s (also referred as automatic guided vehicles (AGVs)) fleet size 
for material handling activities in the FMS is one of the most common and basic steps in the instal-
lation of the FMS facilities. The optimum fleet size of MHRs or automatic guided vehicle (MHRs) 
can significantly increase the throughput of the FMS (Van der Meer, 2000). The deployment of 
MHRs for different material handling activities requires considerable investments of funds. In order 
to yield a good return on the invested capital, optimum utilization of MHRs in material handling 
activities for the FMS becomes highly significant. Moreover, the optimum deployment of MHRs 
fleet size also leads to the reduction in wastage of resources, reinforce sustainability and increase 
the overall utility of resources. The tandem FMS facilities are divided into several zones and each 
zone of tandem FMS layout is served by a dedicated MHR which is observed to be sufficient for 
fulfilling zonal material handling requirements (Fan et al., 2015). In other FMS layouts, the number 
of MHRs can vary according to the requirement of the material handling operations, hence appro-
priate estimation of MHR fleet size becomes crucial to avoid wastage of resources in the overall 
production operations. The three main factors affecting the estimation of MHR fleet size in FMS 
namely (1) job transfer points (2) guide path layout (3) MHR dispatching rules or scheduling rules 
were identified by Egbelu and Tanchoco (1986). The authors applied four analytical models for the 
estimation of MHRs fleet size and analyzed the MHR fleet size on the basis of the number of trips 
carried out by a loaded MHR between various machining centers in the manufacturing facility. 
Authors also pointed out the importance of scheduling and dispatching rules for the appropriate 
estimate and deployment of the MHRs fleet size. Maxwell and Muckstadt (1982) and Mahadevan 
and Narendran (1994) performed similar research and estimated MHR fleet size for the FMS facil-
ity. The scheduling and dispatching policies also have a pivotal role in the appropriate estimation 
of MHRs requirements. Srinivasan et al. (1994) investigated a modified first in first out (MFIFO) 
dispatching rule for the multi-load AGVs serving in the FMS facility. Authors evaluated K time’s 
velocity for the K number of AGVs in the FMS facility and found that the fewer number of AGVs 
yield a satisfactory result and contrary the quality of solution deteriorate with the deployment of a 
large number of AGVs. A queuing model for AGVs fleet size estimation was proposed by Tanchoco 
et al. (1987). Another technique for approximation of the necessary number of AGVs was proposed 
by Arifin and Egbelu (2000). Vis et al. (2001) implemented a network flow technique for AGV 
fleet size approximation and developed a polynomial time minimum-flow algorithm for the appro-
priate calculation of the required number of AGVs. Sinriech and Tanchoco (1992) investigated seg-
mented flow topology (SFT) layout for the FMS facility and proposed an MCDM technique for the 
optimization of MHRs fleet size. A simultaneous analytical and simulation procedure for estimation 
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of MHRs fleet size for the FMS facility was proposed by Yifei et al. (2010), in the proposed model 
the output of the analytical model was considered as the input of the simulation model. Ji and Xia 
(2010) proposed an analytical model with an objective to guarantee the transportation system’s 
stability and also to minimize the MHR fleet size. Lin et al. (2010) considered uncertainties in a 
semiconductor manufacturing industry and developed a simulation-optimization model to find out 
the optimum fleet size of the MHRs. Authors validated their model by an empirical study. Moghad-
dam et al. (2010, 2012) proposed the robust optimization solutions for the real-time vehicle routing 
problem for minimizing the uncertain requirements for medicine distribution. In order to analyze 
and validate the effect of robustness and trade-offs, the computational experiments were carried out. 
Choobineh et al. (2012) proposed an analytical model for estimation of MHR’s fleet size under the 
steady-state conditions after considering loaded and empty-travel times; MHR’s loading – unload-
ing time and waiting time for dispatch of MHRs and validated their methodology by comparing 
results with the solution yield of simulation methods. Huang et al. (2012) optimized MHRs alloca-
tion for a 300 mm wafer fab industry by the application of discrete event simulation experiment. 
Chang et al. (2014) proposed a procedure for optimizing the fleet size of MHRs by application of 
the simulation sequential modeling after considering the minimum vehicle cost under the time 
constraint and validated the simulation sequential modeling approach by developing few 
metamodels on the real-time data. 
 
Vivaldini et al. (2016) estimated the minimum number of MHRs requirement for the execution of 
a specific transportation order within a specific time window. Singh and Khan (2016) proposed an 
analytical model with minimum computational time for the solution of the loading and unloading 
problem in the FMS after considering the machine processing time as a primary input. Chawla et 
al. (2018a, 2018b and 2018d, 2019) developed optimized solutions for the simultaneous scheduling 
of MHRs and optimized the MHRs fleet size by the application of the modified memetic particle 
swarm optimization (MMPSO) algorithm, clonal selection (CS) algorithm and grey wolf optimiza-
tion (GWO) algorithm. Angra et al. (2018) evaluated the performance of different priority dispatch-
ing rules when applied to multi-load MHRs in variable sized FMS configurations. 
 
From the literature review, it is observed that the MHR fleet size estimation is carried out in con-
currence with appropriate scheduling and dispatching rules, vehicle congestion conditions, FMS 
facility layout, and traffic management, etc. but a generic procedure to optimize the MHR fleet size 
in the FMS facility cannot be found in the literature. So a potential research gap is observed for the 
estimation and further optimization of MHRs fleet size in the FMS by application of the MMPSO 
algorithm. The present study attempts to fill the aforesaid research gap. In the present study initially, 
an analytical model for estimation of MHRs fleet size is considered and further optimization of 
MHRs fleet size is carried out by the application of MMPSO algorithm. 
 
2. Problem Definition 
 
The optimization of the manufacturing system’s resources to obtain maximum throughput always 
has been a matter of prime interest. An optimum deployment of resources in a manufacturing system 
and their utilization delivers productivity with a balanced load on all the resources. An optimum 
estimate of MHRs fleet size for material handling activities in the FMS is highly essential to reduce 
the initial capital investment and increase the throughput of the FMS facility (Mahadevan & Nar-
endran, 1990). In this study, various generic factors for a FMS such as the number of jobs, job 
processing sequence, number of the work centers, total time consumption, job volume mix, job 
production time, average time etc. are analyzed in the analytical model for the calculation of the 
minimum number of MHRs requirement in the different sizes of the FMS layouts. The result yields 
of the analytical model are optimized by using the modified memetic particle swarm optimization 
(MMPSO) algorithm in the Matlab software for the different sizes of the FMS facility. 
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2.1 Assumptions  
 

1. Entry and exit of the job into the manufacturing system is only through load-unload station 
only. 

2. There can be more than one processing sequence for a job.  
3. The pick-up and drop-off travel time are deterministic. 
4. The average delivery rate of work center is known. If no pick-up and drop-off request are 

identified then MHR will wait at its on-going position till the new request is generated and 
received. 

5. The number of work centers, type of FMS layout, buffer details, track information and cruis-
ing time are known. 

6. If more than one idle MHR waits for pick-up and drop-off request then any idle MHR will 
take pick-up and drop-off request according to the predefined dispatching rule. If more than 
one pick-up and drop-off request are waiting for idle MHR, then the pick-up and drop-off 
requests are considered according to the first in first out (FIFO) dispatching rule. 

7. The job set-up time is negligible. 
 
2.2 Estimation of MHRs fleet size – The analytical model 
 
A job enters into the manufacturing system from the loading and unloading center. The average rate 
of job entry into the manufacturing system is calculated from the average time spent by the jobs for 
their productions in the manufacturing system. Meantime consumed by the job is calculated by 
multiplication of total operation time of the job and the job’s probability from the probability matrix. 
The minimum number of MHRs required in the FMS facility is calculated by the division of each 
job’s mean time with the total available time with the job. Initially, the MHR fleet size is calculated 
analytically (referring to Eq. (1) to Eq. (9)). The following variables are considered in the equations: 
the sequence of job processing, the number of work centers, the volume of job mix, and the time 
consumed in the processing of jobs, total available time and the average time consumed by the jobs, 
etc.  
 
Notations: 
n = number of jobs to be produced. 

iv = the volume of job mix for the job i. 

iNSEQ = the number of production operations required in the production of job i. 

ijS = the probability of production of job i according to the jth sequence. 

ijNMAC = the number of work centers job i visit for completion of jth sequence.   

ijkPT = the processing time for job i on kth work center processed according to the jth sequence. 

klt = the time consumed in travel between two points k and l. 

In the FMS facility, the load-unload center is considered as m+1 work center, the job flow (fkl) 
between any two work centers k and l, and is given by:  
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The probability matrix for transition  kP P  is given by solving the F process matrix F so that the 

sum of the row is 1 means the probability always remains between 0 and 1. 
k  = the average rate at which work center k processes the jobs. 

Where 

 ( )
1 if machine  is visited in the  sequence of job 

 
0 otherwise 

th
k ij

k j i
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Let the = number of times jobs are sent via a centralized buffer in case of less storage in front of the  
   work centers. 

where, 
 
TR = Total time available for all MHRs. 
TA = Time available per MHR. 
 
The constraint of less storage area in front of the work centers is satisfied by routing the jobs through 
the central buffer. Let   be the time happened hence the total time for all MHRs (TR) is calculated 
and time available per MHR (TA) is calculated and with the division of TR and TA, the required 
number of MHRs is determined. 
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3. The particle swarm optimization algorithm 

The particle swarm optimization (PSO) algorithm search is implemented for the optimum space in 
a multidimensional complex space. The population of particles moves at some initial velocity in the 
multidimensional complex space and during the search phase, the algorithm socially interacts with 
a particle out of the population of particles moving in the multidimensional search area. The algo-
rithm communicates among the moving particles. A unit particle is with some initial velocity and 
an initial position. The increment in the position of each unit particle is dependent on the velocity 
of the particle, which is also considered as the best global position of a particle in a multi-dimen-
sional search area (Kumar & Sridharan, 2010). Initially, the particle’s population is at random po-
sitions p(t) and velocities vi(t), after which the fitness function is checked. During the algorithm’s 
iteration process, the position and velocity of each unit particle are revised and updated. The fitness 
function is checked in the iteration and the value of the fitness function is evaluated against the new 
resulting yield of the fitness function and also with the new position and new velocity gained in the 
next iteration. The iteration in PSO algorithm is carried out by Eq. (10). 
 
In the exploration process, the particle’s new position (also referred to the new solution) pi(t), is 
compared with its previous positions (also referred to previous solutions). In comparison, if a new 
solution is found to be better than the old solutions then the algorithm stores the new solution value 
and updates it as the particle’s best position i.e. pi best. The global best position (pgbest) is the particle’s 
best position in the whole population of the particles in the whole multidimensional search space 
which is also stored by the algorithm. The particles in the multidimensional search area keep on 
changing and further update their velocities and position, till the conditions of the best velocity and 
position are achieved according to the termination criteria. Eq. (10) describes the process of updat-
ing the velocities of the unit particles. 

 1  2   ( 1) ( ) (  ( ) ( - ( ))) (  ( ) (  - ( )))best
i i i i gbest iv t v t c rand p p t c rand p p t         (10) 

( 1) ( ) ( )      i i ip t p t v t    (11)

where, 
 
vi (t + 1) =  velocity update of  the ith particle,  
c1 and c2 =  weights applied for local and global optimum positions  respectively,  
pi(t)        =  position of the ith  particle at a time interval of t,  
pi best       =  local best position of the ith particle,  
p gbest       =  best global position.  
rand ( )    =  generation of random variable  ∈ [0, 1]. 
 
Position and velocity of the unit particle are updated by Eq. (10) and search the best position among 
all local particles at a time interval of t. Unit particle’s position is updated according to Eq. (11). 
In Eq. (10), the first part of the equation represents the velocity part during the previous iteration 
steps and the second component is referred to the cognitive component which interacts within the 
present position of the particle and the best position of the particle. The interaction phase between 
the particles is referred as the social learning phase (Brownlee, 2011). The particle’s new position 
is updated according to Eq. (11).  
 
3.1 The memetic algorithm 

The term ‘meme’ is also known as the unit of a system’s cultural information and presents the 
interaction of genetic and cultural evolution together. The memetic procedure is evolved from the 
interaction of cultural and genetic evolution. Generalization of genes into unit systems is performed 
by the memetic algorithm. The information is stored in the unit systems and then the unit systems 
are introduced to the evolutionary forces for further selection and variation (Brownlee, 2011). The 
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global search methodology is applied for processing of information which further exploits the pop-
ulation and also search for good population space in a defined search area. The search procedure is 
kept on repeating in the form of the iteration process until a local optimum solution is yielded. The 
memetic algorithm has properties of cultural evolution as well as of genetic evolution. The memetic 
algorithm can also perform processes such as inheritance, selection, transfer, and variation of the 
memes and genes.  
 
3.2 The MMPSO algorithm  
 
The effectiveness and performance of an algorithm can be checked from its capability to carry out 
the exploration (global search) and the exploitation (local search) of the particles moving in the 
multidimensional search space. The particles position and velocity are analyzed in a PSO algorithm 
during the iteration process. The positions of particles converge towards specific points prematurely 
at their initial stage. In the iteration process of the PSO algorithm, the particles move towards the 
global best position at a very fast rate which creates a very small opportunity for the exploitation 
process in comparison to the exploration process. However, an optimum local solution can be 
yielded from sufficient exploitation of the solutions. The local search capability of the PSO algo-
rithm can be increased by integrating the PSO algorithm with an algorithm possessing good local 
search capabilities. In this paper, a combination of PSO algorithm for an optimum global search 
solution and MA algorithm for an optimum local search solution are chosen. The combined algo-
rithm is applied for optimization of MHRs fleet size for three different sizes of the FMS layout. The 
new proposed algorithm is referred as the modified memetic particle swarm optimization (MMPSO) 
algorithm. The MMPSO algorithm is found to have good global and also local search capability. 
The aforesaid procedure combines the search solutions (particle’s position) similar to the crossover 
action performed in the genetic algorithm (GA). The recombination of particles is accomplished on 
randomly selected p% of the population of the particles. It is observed that after recombination of 
particles the new solutions have improved fitness values in comparison to the previously stored 
solution. The new solutions with improved fitness values are stored and updated in place of old 
solutions. The new proposed MMPSO algorithm performs a good global and local search of solu-
tions and brings a balance between exploration process and exploitation process of the algorithm so 
that optimum resulting yield can be observed. The MMPSO algorithm applied for optimization of 
MHRs fleet size satisfactorily optimize the results (Tiwari et al., 2011) and the flowchart of 
MMPSO algorithm is portrayed in Fig. 1. 
 
4. Experimental results 
 
The programming of the analytical model and the MMPSO algorithm for estimation and optimiza-
tion of MHRs fleet size for the three sizes of FMS facilities was carried out in the Matlab software. 
The three different sizes of FMS layout are portrayed in Fig. 2, Fig. 3 and Fig. 4. The MHR fleet 
size estimation from the analytical model and from MMPSO algorithm is presented in Table 1 and 
also shown in the form of a graph in Fig. 5. The FMS layout presented in Fig. 2 consists of 5 work 
center and one load-unload center, the FMS layout in Fig. 3 comprises of 7 work centers and one 
load-unload center and the FMS layout shown in Fig. 4 constitutes of 9 work centers and one load-
unload center. 
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                    Fig. 1. The Modified Memetic Particle Swarm Optimization Process Flowchart. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. The FMS layout 1 consisting of 5 work center and one load- unload center 
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Fig. 3. The FMS layout 2 consisting of 7 work center and one load-unload center. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4: The FMS layout 3 constituting 9 work center and one load-unload center. 

The analytical model and MMPSO algorithm were programmed in the Matlab software and simu-
lated on an Intel(R) Core(TM) i5 processor. During the simulation parameters were tuned as, c1 = 
c2 = 2.02, the starting temperature, Fo = 2.0, the cooling rate, λ = 0.70. The algorithm was run for 
200 iterations, the results from the analytical model for the FMS facility layout 1, 2 and 3 working 
with 5,7 and 9 work centers and one load – unload center yields 2, 4 and 5 number of MHRs fleet 
size requirement respectively. Further application of the MMPSO algorithm optimizes the MHRs 
fleet size to 1, 3 and 4 numbers for the FMS layouts 1, 2 and 3 respectively.  
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Table 1  
MHRs fleet size by the MMPSO algorithm and the analytical model. 
FMS layout No. of jobs No. of Work center No. of sequences No. of MHRs 

Analytical MMPSO 
1 4 5 2 2 1 
2 4 7 2 4 3 
3 4 9 2 5 4 

 

 

 Fig. 5. Comparison of the MHR fleet size by the MMPSO algorithm and the analytical model. 

5. Conclusion and Future Work 
 

An optimum allocation of resources in the FMS facility is a basic prerequisite for maximum 
throughput and low makespan. The estimation and optimization of MHRs fleet for three sizes of 
FMS facility have been presented in this paper. The estimation and optimization of MHRs size were 
carried out by an analytical model and a new MMPSO algorithm respectively. The results were 
presented by computational experiment by programming of the analytical model and MMPSO al-
gorithm on the Matlab software. Three different sizes of FMS facility consisted of 5, 7 and 9 work 
centers and a load-unload center. For an optimum estimate of MHRs fleet size following factors 
were considered initially in the analytical model namely number of jobs, job processing sequence, 
number of the work center, total time consumption, job volume mix, job production time, average 
time, etc. The MMPSO algorithm has been observed to outperform the results of the analytical 
model and optimizes MHRs fleet size for all three sizes of FMS layout significantly. The MMPSO 
algorithm optimizes the MHRs fleet size to 50%, 25% and 10% for the FMS layouts 1, 2 and 3 
respectively. It has been also observed that with an increase in a number of work centers in the FMS 
layouts the difference between the output of the analytical model and MMPSO algorithm also re-
duces. 
 
The future research paths can be paved for the optimization of MHRs fleet size for the MHRs op-
erating under different dispatching and scheduling policies by application of different evolutionary 
algorithms such as artificial immune systems, NSGA II or other nature-inspired algorithms. Factors 
such as reliability of FMS work center, the reliability of MHRs, type of FMS layout, type of MHRs, 
cruising speed of MHRs, etc. can also be considered for a more accurate and real-time optimization. 
 

N
u
m
b
e
r 
O
f 
A
G
V
s

Number Of Work Centres in FMS Layout 1 , 2  and 3 

Analytical Model

MMPSO



V. K. Chawla et al. / Journal of Project Management 4 (2019) 187

References  

Arifin, R., & Egbelu, P. J. (2000). Determination of vehicle requirements in automated guided ve-
hicle systems: a statistical approach. Production Planning & Control, 11(3), 258-270. 

Angra, S., Chanda, A., & Chawla, V. (2018). Comparison and evaluation of job selection dispatch-
ing 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. 

Brownlee, J. (2011). Clever algorithms: nature-inspired programming recipes. Jason Brownlee. 
Chanda, A., Angra, S., & Chawla, V. (2018). A Modified Memetic Particle Swarm Optimization 

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

Chang, K. H., Huang, Y. H., & Yang, S. P. (2014). Vehicle fleet sizing for automated material 
handling systems to minimize cost subject to time constraints. IIE Transactions, 46(3), 301-312. 

Chawla, V. K., Chanda, A. K., & Angra, S. (2017). Evaluation of Dispatching Rules for Integrated 
Scheduling of MHRs in FMS. In National Conference on Recent Advances in Mechanical Engi-
neering (NCRAME) (pp. 37-41). 

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

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

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

Chawla, V., Chanda, A., & Angra, S. (2018e). Sustainable multi-objective scheduling for automatic 
guided vehicle and flexible manufacturing system by a grey wolf optimization algorithm. Inter-
national Journal of Data and Network Science, 2(1), 27-40. 

Chawla, V. K., Chanda, A. K., Angra, S., Rani, S., (2018f). Simultaneous Dispatching and Sched-
uling of Multi-Load MHRs in FMS-A Simulation Study. Materials Today: Proceedings, 5(11), 
25358-25367. 

Chawla, V. K., Chanda, A. K., & Angra, S. (2018g). Multi-load MHRs scheduling by application 
of modified memetic particle swarm optimization algorithm. Journal of the Brazilian Society of 
Mechanical Sciences and Engineering, 40(9), 436. 

Chawla, V., Chanda, A., & Angra, S. (2019). The scheduling of automatic guided vehicles for the 
workload balancing and travel time minimi-zation in the flexible manufacturing system by the 
nature-inspired algorithm. Journal of Project Management, 4(1), 19-30. 

Choobineh, F. F., Asef-Vaziri, A., & Huang, X. (2012). Fleet sizing of automated guided vehicles: 
a linear programming approach based on closed queuing networks. International Journal of Pro-
duction Research, 50(12), 3222-3235. 

Egbelu, P. J., & Tanchoco, J. M. A. (1986). Potentials for bi-directional guide-path for automated 
guided vehicle-based systems. International Journal of Production Research, 24(5), 1075-1097. 

Fan, X., He, Q., & Zhang, Y. (2015). Zone design of tandem loop MHRs path with hybrid algo-
rithm. IFAC-Papers on Line, 48(3), 869-874. 

Ganesharajah, T., Hall, N. G., & Sriskandarajah, C. (1998). Design and operational issues in MHR- 
served manufacturing systems. Annals of Operations Research, 76, 109-154. 

Huang, C. J., Chang, K. H., & Lin, J. T. (2012). Optimal vehicle allocation for an automated mate-
rials handling system using simulation optimization. International Journal of Production Re-
search, 50(20), 5734-5746. 

Ji, M., & Xia, J. (2010). Analysis of vehicle requirements in a general automated guided vehicle 
system based transportation system. Computers & Industrial Engineering, 59(4), 544-551. 



 

188

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

Lin, J. T., Chang, K. H., & Huang, C. J. (2010, October). Dynamic vehicle allocation in Automated 
Material Handling System. In Industrial Engineering and Engineering Management (IE&EM), 
2010 IEEE 17Th International Conference on (pp. 1523-1527). IEEE. 

Mahadevan, B., & T. T. Narendran. (1990). Design of an automated guided vehicle-based material 
handling system for a flexible manufacturing system. The International Journal of Production 
Research 28(9), 1611-1622. 

Mahadevan, B., & Narendran, T. T. (1994). A hybrid modeling approach to the design of an MHR-
based material handling system for an FMS. The International Journal of Production Research, 
32(9), 2015-2030. 

Maxwell, W. L., & Muckstadt, J. A. (1982). Design of automatic guided vehicle systems. IIE Trans-
actions, 14(2), 114-124. 

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

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

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

Sinriech, D., & Tanchoco, J. M. A. (1992). Impact of empty vehicle flow on the performance of 
single-loop MHR systems. The International Journal of Production Research, 30(10), 2237-
2252. 

Srinivasan, M. M., Bozer, Y. A., & Cho, M. (1994). Trip-based material handling systems: through-
put capacity analysis. IIE Transactions, 26(1), 70-89. 

Tanchoco, J. M. A., Egbelu, P. J., & Taghaboni, F. (1987). Determination of the total number of 
vehicles in an MHR-based material transport system. Material flow, 4(1-2), 33-51. 

Tiwari, M., & Harding, J. A. (2011). Evolutionary computing in advanced manufacturing (Vol. 73). 
John Wiley & Sons. 

Tompkins, J. A., & White, J. A. (1984). Facility planning. New York: Wiley. 
Van der Meer, R. (2000). Operational control of internal transport (No. TTS; T2000/5). 
Vis, I. F., De Koster, R. M. B. M., Roodbergen, K. J., & Peeters, L. W. (2001). Determination of 

the number of automated guided vehicles required at a semi-automated container terminal. Jour-
nal of the Operational research Society, 52(4), 409-417. 

Vivaldini, K., Rocha, L. F., Martarelli, N. J., Becker, M., & Moreira, A. P. (2016). Integrated tasks 
assignment and routing for the estimation of the optimal number of MHRS. The International 
Journal of Advanced Manufacturing Technology, 82(1-4), 719-736. 

Yifei, T., Junruo, C., Meihong, L., Xianxi, L., & Yali, F. (2010, July). An estimate and simulation 
approach to determining the automated guided vehicle fleet size in FMS. In Computer Science 
and Information Technology (ICCSIT), 2010 3rd IEEE International Conference on (Vol. 9, pp. 
432-435). IEEE.  

 
 

 

© 2018 by the authors; licensee Growing Science, Canada. This is an open access 
article distributed under the terms and conditions of the Creative Commons Attrib-
ution (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


