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 The paper deals with the performance analysis and optimization for Carbonated Soft Drink Glass 
Bottle (CSDGB) filling system of a beverage plant using Particle Swarm Optimization (PSO) 
approach. The CSDGB system consists of seven main subsystems arranged in series namely 
Uncaser, Bottle Washer, Electronic Inspection Station, Filling Machine, Crowner, Coding 
Machine and Case Packer. Considering exponential distribution for probable failures and repairs, 
mathematical modeling is performed using Markov Approach (MA). The differential equations 
have been derived on the basis of probabilistic approach using transition diagram. These 
equations are solved using normalizing condition and recursive method to drive out the steady 
state availability expression of the system i.e. system’s performance criterion. The performance 
optimization of system has been carried out by varying the number of particles and number of 
generations. It has been observed that the maximum availability of 90.27% is achieved at flock 
size of 55 and 90.84% at 300th generation.   Thus, findings of the paper will be useful to the plant 
management for execution of proper maintenance decisions. 
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1. Introduction 

 
Availability is one of the measures of system performance under the specific conditions of working. Any 
industrial system comprises of subsystems arranged in series, parallel or hybrid configuration of the 
subsystems. In the present work an attempt has been made to analyze the performance of Carbonated 
Soft Drink Glass Bottle (CSDGB) filling system of a beverage plant. The industrial systems are subjected 
to random failures due to improper design, poor maintenance and wrong operations etc. The failed 
systems can be brought back into working conditions within minimum possible time after repair. The 
performance of these systems are determined in terms of availability. The availability analysis is 
desirable   for   long working duration with good performance level of the systems in the industries to 
reduce the production cost and higher productivity.  
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The available literature shows the many approaches have been used to analyze the system performance 
in terms of availability such as Reliability Block Diagram (RBD), Monte Carlo Simulation (MCS), 
Markov Approach (MA), Failure Mode and Effect Analysis (FMEA), Fault Tree Analysis (FTA) and 
Petri nets etc. Also as the performance optimization is one of the key parameter for industries, therefore 
the researchers used many optimization techniques such as Genetic Algorithm (GA), Paticle Swarm 
Optimization (PSO) and Simulated Annealing (SA) etc. In the present work PSO technique is being used. 
PSO (Kennedy & Eberhart, 1995) is Population Based Metaheuristic (PBM) inspired by the behavior of 
biological swarms and social adaptation. In PSO, a swarm of structures encoding solution candidates 
(“particles”) flying in n-dimensional search space of the optimization problem looking for optima or 
near-optima regions. The position of a particle represents a solution candidate itself, while the velocity 
attribute, and provides information about direction and position. Particles are guided by two components: 
i) cognitive information based on particles’ own experience and ii) social information based on 
observation of neighbors. Let Xi={Xi,1, Xi,2,…Xi,n} and Vi= {Vi,1, Vi,2,… Vi,n} respectively position and 
velocity of ith particle . Considering that pbest is the best position already found by ith particle and gbest 
is the best position already found by a neighbor particle. The PSO updating rules for velocity and position 
are given by (Kennedy & Eberhart, 1995) 
 
Vi= W×Vi+c1r1(pbesti-Xi)+c2r2(gbest-Xi), (1) 
Xi=Xi+Vi, (2) 

 
where r1 and r2 are random numbers between 0 to 1. Coefficients c1 and c2 are given acceleration constants 
towards pbest and gbest respectively and their value lie between 0-2 randomly selected and w is the 
inertia weight. The inertia weight w, is the responsible for the scope of the exploration of the search 
space. High values of w promote global search, while low values, lead to local search (Kennedy & 
Eberhart, 1995). The swarm is randomly initialized. Then, while stopping criterion is not reached, 
particles move according velocity and positions Eqs. (1-2). The PSO algorithm pseudo code can be seen 
as follows: 
 
            begin  

 for i=1 to no. of particles do begin 

  randomize position(Xi); randomize (Vi) 

 end 

 for Gen=1 to Gen  do begin 

  for i=1 to no. of particles  do evaluate (Xi) 

  for i=1 to no. of particles  do update (pbest, gbest) 

  for i=1 to no. of particles  do update (velocity, position) 

   Vi= W×Vi+c1×r1×pbesti-Xi)+c2×r2×(gbest-Xi) 

   Xi=Xi+Vi; 
  end 
       end 
 end  
Several successful applications of PSO to optimization problems reported in literature (Waintraub et al., 
2009), in which PSO demonstrated advantages over other well-established PBM, which motivated the 
authors for the present work. The mechanical systems have attracted the attention of several researchers 
in this area.  
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Dhillon and Singh (1981) used the MA for the availability analysis using exponential distribution for 
failure and repair rates. Kumar et al. (1989, 1993) used the Markov modeling for analysis and 
performance evaluation of sugar and fertilizer plant. Tewari et al. (2000, 2005) developed the decision 
support system of refining system of a sugar plant. They found out the availability of the refining system 
with independent failure and repair rates of various subsystems. They also discussed the behavioral 
analysis of refining system using GA. Coit et al. (2004) proposed a multiple objective formulation for 
maximizing the system availability. Gupta et al. (2005) discussed the reliability parameters of butter 
making system of dairy plant taking exponentially distributer failure and repair rates of various 
subsystems. Kumar et al. (2007) evaluated the availability of CO2 cooling system of a fertilizer plant 
using markovian approach. Gupta et al. (2008) developed the performance model and decision support 
system for feed water unit of thermal power plant based on Markov birth-death process. Sachdeva et al. 
(2008) described a new multi criteria optimization framework for deriving optimal maintenance 
schedules for Preventive Maintenance (PM) which considers availability, maintenance cost and life cycle 
costs as the criteria for optimization using Petri Net. Juang et al. (2008) proposed a GA based 
optimization model to optimize availability of a series-parallel system. 

Azaron et al. (2009) developed a new methodology for reliability evaluation and optimization of non-
repairable dissimilar component cold standby redundant systems. Garg et al. (2009) developed the 
mathematical model of a cattle feed plant using a birth-death Markov Process. The differential equations 
have been solved for the steady-state. The system performance has also been studied. Garg et al. (2010) 
developed a reliability model of a block- board manufacturing system in the plywood industry using time 
dependent and steady state availability under idealized and faulty Preventive Maintenance. Kumar and 
Tewari (2011) discussed the mathematical modeling and performance optimization of CO2 cooling 
system of a fertilizer plant using genetic algorithm. Carlos et al. (2012) proposed a PSO technique for 
the analysis of safety components and systems of nuclear power plants under uncertain maintenance 
planning considering reliability, availability, maintainability and cost act as decision criteria whereas 
surveillance test and maintenance strategies act as decision variables. 
 
Bose et al. (2012) investigated Reliability, Availability and Maintainability (RAM) characteristics of a 
coal based thermal power plant for finding critical subsystems and deciding maintenance schedule for 
improving availability of the plant.  Khanduja et al. (2012) developed a performance model for stock 
preparation unit of a paper plant using Markov approach and optimize the performance using genetic 
algorithm. Khanduja et al. (2012) described a performance enhancement model of crystallization unit of 
a sugar plant using MA and GA. Kumar et al. (2012) proposed a methodology based on MA to evaluate 
the availability simulation model for power generation system (Turbine) of a thermal power plant under 
realistic working environment. The effects of occurrence of failure/course of actions and availability of 
repair facilities on system performance have been investigated. Arabi and Jahromi (2012) suggested a 
model of availability of a repairable system with multiple subsystems in which the involved components 
follow cold-standby strategy. The goal is to find the optimal number of repairmen and redundant 
components in each subsystem for optimization of steady-state availability subject to weight, cost and 
volume constraints. Due to complexity of the problem and time limitation, a simulated annealing 
algorithm is proposed to solve the problem. 
 
Garg and Rani (2013) proposed Confidence Interval Based Fuzzy Lambda-Tau (CIBFLT) methodology 
for performance analysis of complex repairable industrial systems taking mean time to failure, mean time 
to repair and cost as main parameters. The CIBFLT has been applied in a paper plant. The performance 
of the system is further optimized using PSO. Garg (2013) suggested an approach for reliability analysis 
of industrial systems using PSO and Intuitionistic Fuzzy Set (IFS) techniques applied to washing system 
of a paper industry. Karim Bourouni (2013) addresses availability assessment of a reverse osmosis plant 
using comparison between RBD and FTA methods and suggested that the first method is more 
appropriate for the availability assessment because it allows accurate modeling of different complex 
configurations. Modgil et al. (2013) suggested a performance model, based on Markov process for shoe 
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upper manufacturing unit and find out the time dependent system availability along with long term 
availability of the system concerned. Usubamatov et al. (2013) developed mathematical models for 
productivity and availability of automated lines taking machine availability as important parameter and 
integrated it with machine reliability. 
 
Gowid et al. (2014) suggested a reliability model based on time dependent Markov approach for LNG 
production plant. Aggarwal et al. (2014) discussed the performance analysis and performance 
optimization of a butter oil production system using MA and Runge-Kutta method to calculate the Mean 
Time Between Failure (MTBF). Further performance has been optimized using GA. Ravinder Kumar 
(2014) developed a mathematical model based on Markov birth-death process for a boiler air circulation 
system of a thermal power plant. The differential equations associated with the model have been solved 
recursively in order to find out the system’s steady state availability. 
  
Huang and Wang (2014) proposed an optimal PM model for a multi-state degraded system under the 
condition that individual components or subsystems can be monitored in real time. The requirement of 
minimum system availability, the total maintenance cost is minimized by determining the maintenance 
activities of components in degraded states. The General Non-Homogeneous Continuous-Time Markov 
Model (NHCTMM) and its analogous Non-Homogeneous Continuous-Time Markov Reward Model 
(NHCTMRM) are used to determine the various performance indicators. Further, they apply GA to 
optimize the proposed model.  
 
Zhange et al. (2014) proposed a simplified method for offshore oil production system which is a hybrid 
approach i.e. combination of continuous-time and discrete time. Li and Peng (2014) propose an analytical 
approach to calculate the system availability and the operation cost of the multi-state series–parallel 
system. In this approach, Markov process is used to model the dynamics of system phase changing and 
component state changing, using Universal Generating Function (UGF) to calculate the system 
availability. After that GA is applied to solve the optimization problem of a real-world maritime oil 
transportation system.  

The available literature reveals that most of the researchers had confined their research work to power 
plants, sugar industries, chemical industries and paper industries. However, rarely any work related to 
Performance analysis and optimization of filling system of a beverage industries has been noticed so far. 
Therefore in the present work an attempt has been made to optimize the performance of CSDGB filling 
system using PSO technique.  

2. System description 

The beverage plant is divided into many subsystems like Poly Ethylene Terephthalate (PET) Bottle Line, 
Glass Bottle Line, Hot Drink Line and Mix Preparation unit. The Carbonated Soft Drink Glass Bottle 
(CSDGB) filling system is one of the important system of the beverage industry. The concentrated mix 
syrup is supplied to the filling machine from the mix preparation unit. Now the carbonation is done by 
mixing CO2 with the syrup. The carbonated drink is filled into glass bottles which are coming out from 
bottle washer. Thereafter, the filled bottles are sent to crowner where the crown is fixed on the bottles. 
The filled bottles then are sent to the coding machine to code the information regarding price, batch and 
date of filling. Further, the filled bottles are sent to the case packer where these are packed into carets. 
The process flow diagram of CSDGB line of beverage industry is shown in figure1. It consists of seven 
subsystems as described below: 

Uncaser: First of all the empty bottles are separated from the crates by uncaser machine and feed the 
bottles for washing to the bottle washer.  

Bottle washer: The empty bottles are fed into bottle washer manually. This machine consist five chambers 
for washing bottles namely pre resin-I, II, III, soaking and hydro wash. The washing process takes 
approximate 10 minutes to complete one washing cycle.    
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Electronic bottle inspection station : This machine is used to inspect the impurity present in the bottle 
after washing by means of sensors. 

Filling machine : This machine is used to clean the bottle first, then fill the metered quantity of cold drink 
into the bottle, after mixing syrup with CO2 in 1: 5 ratio. The filled bottles are sent to crowner for capping 
operation. 

Crowner  : This Machine is used to fix the crown on the filled bottle. 

Coding machine : This machine is used to print the information about price, batch no. etc. on the neck 
of bottle. Case packer: This machine is used to pack the filled bottle in crates. The filled crates are 
stacked using fork lifter for further storage. 

 
 
  

 

 

 

 

 

 

 

Fig. 1. Process flow diagram of CSDGB filling system of beverage plant 

2.1 Assumptions 

i. Failure and repair rates for each subsystem are constant and statistically independent. 
ii. Not more than one failure occurs at a time. 

iii. Repair returns the unit to as good as new condition.  
iv. All the units are initially operating and are in working state. 
v. Sufficient repair facilities are provided, i.e. no waiting time for repair. 

 

2.2 Notations 
 
A, B, C, D, E, F, G Represents working states of Uncaser Machine, Electronic Inspection 

Station, Coding machine, Case Packer, Bottle Washer, Filling Machine and 
Crowner. 

a, b, c, d, e, f, g Represents failed states of Uncaser Machine, Electronic Inspection Station, 
Coding Machine, Case Packer, Bottle Washer, Filling Machine and Crowner.

λ1, λ2, λ3, λ4, λ5, λ6, λ7 Failure rates of A, B, C, D, E, F and G 
µ1, µ2, µ3, µ4, µ5, µ6, µ7 Repair rates of A, B, C, D, E, F and G 
Pi(t) Probability at time ‘t’ all units are good and the system is in  ith   state 
' Derivatives w.r.t.  ‘t’ 
Ass Steady state availability of the system 

 
Based on above assumptions and notations the state transition diagram of CSDGB filling system has 
been developed as shown in Fig. 2. 
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Fig. 2. State transition diagram of CSDGB filling system of a beverage plant 
 

3. Performance  modeling  

The mathematical modeling of the system based on Markov birth-death process is carried out using 
various probabilistic considerations. The first order Chapman-Kolmogorov differential equations 
associated with the state transition diagram shown in figure 2 are developed by using mnemonic rule as 
stated by Khanduja et al. (2012).Various probability considerations generate the following sets of 
differential equations: 
 

Pଵ
ᇱሺtሻ ൅ KଵPଵሺtሻ ൌ μଵPଶሺtሻ ൅ μଶPଷሺtሻ ൅ μଷPସሺtሻ ൅ μସPହሺtሻ ൅ μହP଺ሺtሻ ൅ μ଺P଻ሺtሻ ൅ μ଻P଼ ሺtሻ (3) 

Pଶ
ᇱሺtሻ ൅ μଵPଶሺtሻ ൌ λଵPଵሺtሻ (4) 

Pଷ
ᇱሺtሻ ൅ μଶPଷሺtሻ ൌ λଶPଵሺtሻ (5) 

Pସ
ᇱሺtሻ ൅ μଷPସሺtሻ ൌ λଷPଵሺtሻ (6) 

Pହ
ᇱሺtሻ ൅ μସPହሺtሻ ൌ λସPଵሺtሻ (7) 

P଺
ᇱሺtሻ ൅ μହP଺ሺtሻ ൌ λହPଵሺtሻ (8) 

P଻
ᇱሺtሻ ൅ μ଺P଻ሺtሻ ൌ λ଺Pଵሺtሻ (9) 

P଼ ᇱሺtሻ ൅ μ଻P଼ ሺtሻ ൌ λ଻Pଵሺtሻ (10) 
 

where Kଵ ൌ ሺλଵ ൅ λଶ ൅ λଷ ൅ λସ ൅ λହ ൅ λ଺ ൅ λ଻ሻ. 
 

By putting t  and d/dt= 0 applying on Eq. (3) to 10 we get: 
 

μଵPଶ ൌ λଵPଵ   μଶPଷ ൌ λଶPଵ  μଷPସ ൌ λଷPଵ  μସPହ ൌ λସPଵ  
μହP଺ ൌ λହPଵ   μ଺P଻ ൌ λ଺Pଵ  μ଻P଼ ൌ λ଻Pଵ 
 
The probability of good working condition viz P1 is determine by normalizing condition, i.e 
 Pi (t) = 1 for i=1 and Pi (t) = 0 for i ≠ 1, we get: 
 

Pସ ൌ MଷPଵ		  Pଷ ൌ MଶPଵ   Pଶ ൌM1P1							Pହ ൌ MସPଵ P଺ ൌ MହPଵ P଻ ൌ M଻Pଵ					P଼ ൌ M଼Pଶ  
 
where, Mi = λi/µi, for i =1, 2, 3, 4, 5, 6 and 7. 

෍P୧ ൌ 1

଻

୧ୀଵ

 
(11) 

5λ 

A B C D E F G 
(1) 

A B C D e F G 
(6) 

a B C D E F G 
(2) 

A B C D E f G 
(7) 

A b C D E F G 
(3) 

2λ 

1λ 

6λ 

6µ 

5µ 
1µ 

2µ 
3λ 7λ 

A B C D E F g 
(8) 4µ 

A B c D E F G 
(4) 4λ 7µ 

3µ 

A B C d E F G 
(5)
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Now, the steady state availability of the system may be obtained as summation of all the working state 
probabilities,  i .e  P1 .  
 

P1 ൌ ൥
1 ൅ Pଶ ൅ Pଷ ൅ Pସ ൅ Pହ ൅ P଺ ൅ P଻ ൅ P଼

൩

ିଵ

 

(12) 

The steady state availability of the system As s  is given by Aୱୱ ൌ Pଵ 
  

3.1 Performance analysis 
 
The performance analysis is being carried out by taking appropriate range of failure and repair parameters 
of all subsystems from maintenance record of CSDGB filling system and detailed discussion with the 
maintenance personnel. The simulation results are presented in table1 to 7. The effect of various 
subsystems on availability of the system with various combinations of failure and repair parameters has 
been shown in table 1 to 7. It also reveals the effect of failure and repair parameters of all subsystems on 
CSDGB filling system performance. On the basis of analysis we can select the best possible combination 
of failure and repair rate (λi, µi) to increase the system’s availability. Table 1 to 7 also reflects the 
maximum availability level for all the subsystems (for Uncaser 0.8160, Electronic inspection station 
0.7930, Coding machine 0.7885, Case packer 0.7885, Bottle washer 0.8337, Filling machine 0.7958 and 
Crowner=0.7934) which is further optimized using PSO approach. 
 
Table 1 
Effect of failure and repair rates of Uncaser machine on availability of the system 

 λ1

µ1
 0.004 0.006 0.008 0.010

0.05 0.7880 0.7639 0.7412 0.7199 Other Constant Parameters 
λ2=0.005, µ2=0.35, λ3=0.00035, µ3=0.85, 
λ4=0.00038,µ4=0.8, λ5=0.008, µ5=0.08, 
λ6=0.005, µ6=0.07,λ7=0.0008 and µ7=0.07.

0.075 0.8024 0.7844 0.7642 0.7508
0.09 0.8107 0.7963 0.7825 0.7691
0.11 0.8160 0.8041 0.7925 0.7812

 
Table 2  
Effect of failure and repair rates of electronic inspection machine on availability of the system 

 λ2  
       µ2

 0.005 0.007 0.009 0.11  
0.35 0.7880 0.7844 0.7809 0.7775 Other Constant Parameters 

λ1=0.004, µ1=0.05, λ3=0.00035, µ3=0.85, 
λ4=0.00038, µ4=0.8, λ5=0.008, µ5=0.08, 
λ6=0.005, µ6=0.07, λ7=0.0008 and µ7=0.07. 

0.5 0.7906 0.7881 0.7851 0.7832 
0.65 0.7921 0.7901 0.7882 0.7863 
0.8 0.7930 0.7914 0.7898 0.7883 

 

Table 3 
Effect of failure and repair rates of coding machine on system availability 

 λ3 
µ3

 0.0035 0.0070 0.0105 0.0140  
0.85 0.7880 0.7877 0.7874 0.7872 Other Constant Parameters 

λ1=0.004, µ1=0.05,λ2=0.005,µ2=0.35, 
λ4=0.00038, µ4=0.8, λ5=0.008,µ5=0.08, 
λ6=0.005, µ6=0.07, λ7=0.0008 and   µ7=0.07

1.7 0.7881 0.7879 0.7878 0.7877 
2.25 0.7884 0.7880 0.7879 0.7878 
3.4 0.7885 0.7881 0.7880 0.7880

 
Table 4 
Effect of failure and repair rates of case packer machine on system availability 

 λ4  
µ4

 0.00038 0.00088 0.00138 0.00638
0.8 0.7880 0.7876 0.7872 0.7833 Other Constant Parameters 

λ1=0.004,µ1=0.05,λ2=0.005,µ2=0.35, 
λ3=0.00035,µ3=0.85,λ5=0.008, µ5=0.08, λ6=0.005, 
µ6=0.07, ,λ7=0.0008 and  µ7=0.07. 

1.6 0.7881 0.7878 0.7872 0.7856
2.4 0.7882 0.7880 0.7879 0.7866 
3.2 0.7883 0.7881 0.7880 0.7870 
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Table 5   
Effect of failure and repair rates of bottle washer on system availability 

 λ5  
µ5

 0.0008 0.01 0.03 0.05
0.08 0.7880 0.7727 0.6476 0.5574 Other Constant Parameters 

λ1=0.004,µ1=0.05,λ2=0.005,µ2=0.35, 
λ3=0.00035,µ3=0.85,λ4=0.00038, 
µ4=0.8, λ6=0.005,µ6=0.07, λ7=0.0008 and  µ7=0.07 

0.1 0.8087 0.7958 0.6865 0.6036 
0.12 0.8231 0.8120 0.7152 0.6390 
0.14 0.8337 0.8234 0.7371 0.6669 

 
Table 6  
Effect of failure and repair rates of filling machine on system availability 

 λ6    µ6
     0.005 0.01 0.015 0.02

0.07 0.7880 0.7510 0.7173 0.6865 Other Constant Parameters 
λ1=0.004,µ1=0.05,λ2=0.005,µ2=0.35, 
λ3=0.00035,µ3=0.85,λ4=0.00038, 
µ4=0.8, λ5=0.008,µ5=0.08 ,λ7=0.0008 and µ7=0.07 

0.14 0.7910 0.7510 0.7163 0.6880
0.21 0.7930 0.7590 0.7402 0.7130
0.28 0.7958 0.7686 0.7610 0.7414 

 
Table 7 
Effect of failure and repair rates of crowning machine on system availability 

 λ7 
µ7

 0.0008 0.0016 0.002 0.0035
0.07 0.7880 0.7809 0.7740 0.7672 Other Constant Parameters 

λ1=0.004,µ1=0.05,λ2=0.005,µ2=0.35, 
λ3=0.00035,µ3=0.85,λ4=0.00038, 
µ4=0.8, λ5=0.008,µ5=0.08, λ6=0.005 and µ6=0.07

0.14 0.7915 0.7881 0.7844 0.7809
0.21 0.7927 0.7901 0.7891 0.7847
0.30 0.7934 0.7928 0.7908 0.7878

 
3.2 Optimization modeling 
 
A Particle Swarm Optimization approach for performance optimization through availability is proposed. 
The proposed PSO is intended to search for the optimum availability level considering several of the 
following features such as: i) the various combination of failure and repair rates for subsystems, ii) the 
impact of number of generation on the systems availability as a whole and iii) the impact of number of 
particles on the systems availability. Considering availability as main function so, that system must be 
available for maximum duration of time in good working condition. In this problem PSO is hereby 
proposed to find out the optimum repair and failure parameters of each subsystem for system 
performance, i.e maximum availability. Here, the numbers of parameters are fourteen (seven failure and 
seven repair parameters).Therefore, all possible failure and repair parameters combination has been 
considered for optimum availability of the system. The real coded structure is used with parameters 
Inertia weight w=0.9, Cognitive information coefficient (c1) and social information coefficient (c2) both 
are 1.5, randomly selected. In order to tune the parameters, 20 independent runs have been made and the 
best results are reported. The proposed search method is first tested on standard bench mark function i.e 
Resonbrock to check the results of the algorithm.  The termination criterion has been set either maximum 
number of generations or the value of the objective function start decreasing. Initially, the optimum 
number of particles has been decided keeping generations equal to 100, then optimum number of 
generations has been find out taking optimum number of particles.  The performance of the system has 
been determined by imposing constraints on failure and repair parameters i.e minimum and maximum 
value. Table 8 shows the PSO parameters used in the present work. 

λ1 ∈ (0.004, 0.010) λ2 ∈ (0.005, 0.11)  λ3 ∈ (0.00035, 0.0014) λ4 ∈ (0.00038, 0.0063)  λ5 ∈ (0.008, 0.005) 

λ6   ∈ (0.005, 0.02) λ7 ∈ (0.0008, 0.0035) µ1 ∈ (0.05, 0.11)                µ2 ∈ (0.05, 0.8)  µ3 ∈ (0.85, 3.4) 

µ4, ∈ (0.8, 3.2)   µ5 ∈ (0.08, 0 .14)               µ6 ∈ (0.07, 0.28)   µ7 ∈ (0.07, 0.30) 
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Table 8 
PSO Parameters 

Sr. No. Parameter Value Remarks 
1 Inertia Weight(w) 0.9 High value give Global Exploration  it lies between 0-1 
2 Cognitive Component(c1) 1.5 Selected Randomly (0-2) 
3 Social Component(c2) 1.5 Selected Randomly (0-2) 
4 Number of Particles 25 to 70 To find number of particles for optimum performance 
5 Number of Generations 100 to 400 To find number of generations for optimum performance 

 

4. Results and Discussion 

Initially, the simulation is done to find out maximum number of particles in the flock, which are varied 
from 25 to 70 in a step of 5 taking generation size constant i.e. 100.The convergence characteristic of the 
algorithm based on number of particles and the effect on system availability is shown in Fig. 3. The 
optimum value of system’s performance is 90.27%, for which the best possible combination of failure 
and repair parameters is λ1=0.004, λ2=0.006, λ3=0.004, λ4=0.00078 λ5=0.0090, λ6=0.005, λ7=0.0011, 
µ1=0.150, µ2=0.613, µ3=2.011, µ4=0.832, µ5=0.241, µ6=0.256 and µ7=0.131 which is also reflected in 
Table 9. 

 

Fig. 3. Effect of Number of Particles on System Availability 
 

Table 9 
Effect of Number of Particles on System Availability Taking Number of Generations Constant (100) 

 Number of Particles 
Parameters 25 30 35 40 45 50 55 60 65 70 

λ1 0.004 0.005 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 
λ2 0.005 0.005 0.005 0.005 0.005 0.007 0.006 0.005 0.005 0.005
λ3 0.002 0.001 0.006 0.001 0.001 0.001 0.004 0.001 0.001 0.001 
λ4 0.0014 0.0030 0.0011 0.0005 0.0010 0.0008 0.0008 0.0009 0.0056 0.0005 
λ5 0.0083 0.0082 0.0081 0.0080 0.0080 0.0080 0.0090 0.0080 0.0080 0.0080 
λ6 0.005 0.005 0.005 0.005 0.005 0.006 0.005 0.005 0.005 0.005 
λ7 0.0012 0.0009 0.0009 0.0008 0.0008 0.0009 0.0011 0.0008 0.0008 0.0009 
µ1 0.141 0.147 0.145 0.150 0.149 0.355 0.150 0.147 0.150 0.148 
µ2 0.713 0.766 0.681 0.799 0.797 0.678 0.613 0.794 0.799 0.775 
µ3 1.554 3.391 3.205 0.868 0.850 1.004 2.016 2.816 3.282 0.884 
µ4 2.185 1.079 3.192 3.194 1.940 1.923 0.832 3.187 2.766 2.659 
µ5 0.148 0.149 0.150 0.150 0.150 0.145 0.241 0.150 0.149 0.150 
µ6 0.242 0.277 0.278 0.285 0.281 0.211 0.256 0.273 0.280 0.285 
µ7 0.186 0.240 0.295 0.239 0.238 0.237 0.131 0.299 0.296 0.291 

Availability 89.14 89.39 89.83 90.2 90.1 90.15 90.27 90.16 90.07 90.02 
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Similarly, the convergence characteristics of the algorithm based on number of generations has been 
shown in figure 4. Now the simulation has been done to a maximum number of generations, which varied 
from 50 to 400 with a step size of 50 taking number of particles 55. The effect of number of generations 
on system availability has been shown in table 10. The optimum value of system’s performance is 
90.84%, for which the best possible combination of failure and repair parameters is λ1=0.004, λ2=0.006, 
λ3=0.002, λ4=0.0023, λ5=0.0081, λ6=0.006, λ7=0.0009 µ1=0.148, µ2=0.771, µ3=3.352, µ4=3.082, 
µ5=0.193, µ6=0.277 and µ7=0.868. 

 
Fig. 4. Effect of Number of Generations on System Availability (Number of Particles 55) 

Table 10 
Effect of Number of Generations on System Availability Taking Number of Particles Constant (55) 

 No. of Generations
 50 100 150 200 250 300 350 400
λ1 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
λ2 0.005 0.006 0.005 0.005 0.005 0.006 0.005 0.006
λ3 0.007 0.013 0.001 0.011 0.001 0.002 0.001 0.002
λ4 0.0005 0.0009 0.0004 0.0011 0.0004 0.0023 0.0004 0.0059
λ5 0.0081 0.0080 0.0080 0.0082 0.0080 0.0081 0.0080 0.0081
λ6 0.005 0.005 0.005 0.005 0.005 0.006 0.005 0.007
λ7 0.0016 0.0008 0.0008 0.0010 0.0008 0.0009 0.0008 0.0010
µ1 0.139 0.149 0.149 0.140 0.149 0.148 0.149 0.131
µ2 0.423 0.933 0.800 0.751 0.775 0.771 0.799 0.516
µ3 1.953 3.367 3.382 1.969 1.064 3.352 3.143 1.000
µ4 2.194 1.068 3.033 1.134 3.003 3.082 3.147 2.829
µ5 0.149 0.149 0.150 0.171 0.150 0.193 0.150 0.150
µ6 0.237 0.277 0.284 0.270 0.282 0.277 0.285 0.284
µ7 0.296 0.152 0.298 0.191 0.286 0.868 0.300 0.293

Availability 88.65 89.61 90.34 89.63 90.25 90.84 90.35 88.72
 

5. Conclusions 

The present paper highlighted the applications of PSO for determining the optimum value of availability 
of CSDGB filling system of a beverage plant. The availability equations has been derived and effect of 
failure and repair rate on system availability has been studied. Further, system performance has been 
optimized using PSO approach, the effect of number of particles and number of generations on the system 
performance, has been studied. The results of the paper are discussed with the plant management and 
which found the result for betterment of system performance. As far as future scope of research work is 
concerned, such approach could be extended to multi-objective and multi-criteria optimization problems 
to give more effective and practical solutions applied to various types of industrial systems. Further, the 
proposed method can be compared to other optimization methods such as Genetic Algorithms, Ant 
Colony, etc.  

88.5000

89.0000

89.5000

90.0000

90.5000

91.0000

0 100 200 300 400 500

A
va

ila
bi

lit
y

Number of Generations



P. Kumar and P.C. Tewari / International Journal of Industrial Engineering Computations 8 (2017) 313

References 

Arabi, A. A. Y., & Jahromi, A. E. (2012). Developing a new model for availability of a series repairable 
system with multiple cold-standby subsystems and optimization using simulated annealing 
considering redundancy and repair facility allocation. International Journal of System Assurance 
Engineering and Management, 3(4), 310-322. 

Aggarwal, A. K., Singh, V., & Kumar, S. (2014). Availability analysis and performance optimization of 
a butter oil production system: a case study. International Journal of System Assurance Engineering 
and Management, 1-17. 

Azaron, A., Perkgoz, C., Katagiri, H., Kato, K., & Sakawa, M. (2009). Multi-objective reliability 
optimization for dissimilar-unit cold-standby systems using a genetic algorithm. Computers & 
Operations Research, 36(5), 1562-1571. 

Bose, D., Chattopadhyay, S., Bose, G., Adhikary, D., & Mitra, S. (2012). RAM investigation of coal-
fired thermal power plants: a case study. International Journal of Industrial Engineering 
Computations, 3(3), 423-434. 

Bourouni, K. (2013). Availability assessment of a reverse osmosis plant: comparison between reliability 
block diagram and fault tree analysis methods. Desalination, 313, 66-76. 

Coit, D. W., Jin, T., & Wattanapongsakorn, N. (2004). System optimization with component reliability 
estimation uncertainty: a multi-criteria approach. IEEE transactions on reliability, 53(3), 369-380. 

Carlos, S., Sánchez, A., Martorell, S., & Villanueva, J. F. (2012). Particle Swarm Optimization of safety 
components and systems of nuclear power plants under uncertain maintenance planning. Advances in 
Engineering Software, 50, 12-18. 

Dhillon, B. S., & Singh, C. (1981). Engineering reliability: new techniques and applications (No. 04; 
TS173, D4.). New York: Wiley. 

Gupta, P., Lal, A. K., Sharma, R. K., & Singh, J. (2005). Numerical analysis of reliability and availability 
of the serial processes in butter-oil processing plant. International Journal of Quality & Reliability 
Management, 22(3), 303-316. 

Garg, D., Singh, J. & Kumar, K. (2009). Performance analysis of a cattle feed plant.  ICFAI University 
Journal of Science and Technology, 5(2), 83-94. 

Garg, S., Singh, J., & Singh, D. V. (2009). Availability and maintenance scheduling of a repairable block-
board manufacturing system. International journal of reliability and safety, 4(1), 104-118. 

Gowid, S., Dixon, R., & Ghani, S. (2014). Optimization of reliability and maintenance of liquefaction 
system on FLNG terminals using Markov modelling. International Journal Of Quality & Reliability 
Management, 31(3), 293-310. 

Garg, H., & Rani, M. (2013). An approach for reliability analysis of industrial systems using PSO and 
IFS technique. ISA transactions, 52(6), 701-710. 

Garg, H. (2013). Performance analysis of complex repairable industrial systems using PSO and fuzzy 
confidence interval based methodology. ISA transactions, 52(2), 171-183. 

Huang, C. H., & Wang, C. H. (2014). Optimization of preventive maintenance for a multi-state degraded 
system by monitoring component performance. Journal of Intelligent Manufacturing, 1-20. 

Kennedy J. & Eberhart R. C. (1995). Particle Swarm Optimization. In Proceedings of IEEE International 
Conference on Neural Network, 4, 942-948. 

Kumar, D., Singh, J., & Pandey, P. C. (1989). Availability of a washing system in the paper 
industry. Microelectronics Reliability, 29(5), 775-778. 

Kumar, S., Tewari, P. C. & Sharma, R. (2007). Simulated availability of co2 cooling system in a fertilizer 
plant. Industrial Engineering Journal, 36(10), 19-23. 

Kumar, S., Tewari, P. C. & Kumar, S. (2009). Performance evaluation and availability analysis of 
ammonia synthesis unit in a fertilizer plant. Journal of Industrial Engineering International, 5( 9),17-
26. 



  

 

314

Kumar, S. & Tewari, P. C. (2011) Mathematical modeling and performance optimization of co2 cooling 
system of a fertilizer plant. International Journal of Industrial Engineering Computation,  2(3), 689-
698. 

Khanduja, R., Tewari, P. C. & Chauhan, R. S. (2012). Performance modeling and optimization for the 
stock preparation unit of a paper plant using genetic algorithm. International Journal of Quality 
Reliability and Management, 28(6), 688-703. 

Khanduja, R., Tewari, P. C. & Gupta, M. (2012). Performance enhancement for crystallization unit of 
sugar plant using genetic algorithm technique. Journal of Industrial Engineering International, 28(6), 
688-703. 

Kumar, R., Sharma, A., & Tewari, P. (2012). Markov approach to evaluate the availability simulation 
model for power generation system in a thermal power plant. International Journal of Industrial 
Engineering Computations, 3(5), 743-750. 

Kumar, R. (2014). Availability analysis of thermal power plant boiler air circulation system using 
Markov approach. Decision Science Letters, 3(1), 65-72. 

Li, Y. F., & Peng, R. (2014). Availability modeling and optimization of dynamic multi-state series–
parallel systems with random reconfiguration. Reliability Engineering & System Safety, 127, 47-57. 

Modgil, V., Sharma, S. K., & Singh, J. (2013). Performance modeling and availability analysis of shoe 
upper manufacturing unit. International Journal of Quality & Reliability Management, 30(8), 816-
831. 

Sachdeva, A., Kumar, D., & Kumar, P. (2008). Planning and optimizing the maintenance of paper 
production systems in a paper plant. Computers & Industrial Engineering, 55(4), 817-829. 

Tewari, P. C., Joshi, D., & Rao, M. S. (2005). Mathematical modeling and behavioral analysis of a 
refining system using genetic algorithm. In Proceedings of national conference on Competitive 
Manufacturing Technology and Management for Global Marketing, Chennai. 

Usubamatov, R., Ismail, K. A., & Sah, J. M. (2013). Mathematical models for productivity and 
availability of automated lines. The International Journal of Advanced Manufacturing 
Technology, 66(1-4), 59-69. 

Juang, Y. S., Lin, S. S., & Kao, H. P. (2008). A knowledge management system for series-parallel 
availability optimization and design. Expert Systems with Applications, 34(1), 181-193. 

Waintraub, M., Schirru, R., & Pereira, C. M. (2009). Multiprocessor modeling of parallel Particle Swarm 
Optimization applied to nuclear engineering problems. Progress in Nuclear Energy, 51(6), 680-688. 

Zhang, H., Innal, F., Dufour, F., & Dutuit, Y. (2014). Piecewise Deterministic Markov Processes based 
approach applied to an offshore oil production system. Reliability Engineering & System Safety, 126, 
126-134. 

  
   

 

© 2017 by the authors; licensee Growing Science, Canada. This is an open access article 
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


