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Abstract

Reliability assessment and maintenance optimization are crucial for improving
the productivity, availability, and profitability of continuous manufacturing systems.
Paper manufacturing plants are particularly vulnerable to equipment failures because
production depends on the uninterrupted operation of interconnected subsystems.
Existing studies have extensively applied continuous-Time Markov Chains (CTMC)
and optimization techniques for reliability analysis; however, limited attention has
been given to integrating the Regenerative Point Graphical Technique (RPGT) with
CTMC and Grey Wolf Optimization (GWO) for repairable manufacturing systems
incorporating active redundancy and preventive maintenance. This study proposes a
reliability model for a paper manufacturing plant consisting of a pulp preparation unit,
two identical paper machines operating under active redundancy, and a cutting and
packaging unit supported by a single repair facility, significantly enhancing system
performance. The Grey Wolf Optimizer is used to resolve the optimal failure, repair,
and preventive maintenance parameters that maximize system profit while improving
operational performance. Numerical and sensitivity analysis demonstrate that active
redundancy and a cutting and packaging unit supported by a single repair facility. The
system behavior is analyzed by developing Chapman-Kolmogorov differential
equations and steady-state probability equations. Performance measures, including
steady-state availability, repair facility busy period, and long-run profit, are
analytically evaluated. The proposed framework provides an effective decision-support
tool for reliability-centered maintenance planning and optimization in paper
manufacturing and other continuous process industries.
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Numerical and sensitivity analysis demonstrate that the proposed framework
significantly improves system availability, reduces the repair facility busy period, and
increases long-run profit through the optimal selection of failure, restore, and
precautionary maintenance parameters.

Keywords: Reliability assessment; Paper manufacturing system; Regenerative Point
Graphical Technique (RPGT); Continuous-Time Markov Chain (CTMC); Grey Wolf
Optimizer; Active redundancy; Preventive maintenance; Profit Optimization.

I. Introduction

Reliability assessment has become an essential aspect of modern
manufacturing systems due to increasing demands for continuous production, high
product quality, and reduced operational costs. In continuous process industries such
as paper manufacturing, unexpected equipment failures can disrupt production flow,
increase maintenance costs, and reduce overall productivity. Although continuous-
Time Markov Chain (CTMC) models have been extensively employed to analyze
repairable systems, only a limited number of studies have integrated the Regenerative
Point Graphical Technique (RPGT) with CTMC to evaluate manufacturing systems
incorporating active redundancy and preventive maintenance. To address this gap, the
present study develops an RPGT-Markov reliability model for a paper manufacturing
plant consisting of a pulp preparation unit, redundant paper machines, and a cutting and
packaging unit. Furthermore, the GWO is used to optimize failure, repair, and
maintenance parameters for maximizing system availability and long-term profit,
thereby providing an effective decision-support framework for reliability-Centered
maintenance planning.

Recent studies have focused on improving system reliability using metaheuristic
optimization techniques. Abbas et al. (2022) [I] and Long et al. (2020) demonstrated
the effectiveness of grey wolf Optimization (GWO), while Angus (2001) [III]
presented methods for evaluating long-run availability, mean time between failures
(MTBF), and reliability in Morkov systems. Banerjee and Mukhopadhtay (2019) [[V]
proposed a hybrid PSO-GWO optimization (GWO) algorithm for enhanced
optimization. Ahmadini et al. (2024) [II] and Maihulla et al. (2024) [VIII] applied
reliability and availability optimization to repairable industrial systems. Gao (2023)
[V], Li et al. (2025) [VI], and Liu et al. (2025) [VII] developed advanced reliability
models for redundant and multi-stage systems. Mirjalili et al. (2014) [IX] introduced
the Grey Wolf Optimizer, a nature-inspired metaheuristic algorithm for solving
complex optimization problems. It is suitable for optimizing redundancy allocation.
Rasool et al. (2026) [X] applied Markovian frameworks and nature-inspired algorithms
to a paper manufacturing plant; additionally, Saini et al. (2022) [XI] emphasized the
role of parameter estimation in continuous process plant maintainability. Sharifi et al.
(2021) [XII] optimized reliability under cost constraints, whereas Singla et al. (2023,
2025) [XII], [XIV], [XV] contributed to reliability modeling, RPGT applications, and
systematic reviews of optimization methods. However, limited research has addressed
redundancy allocation in a repairable system by jointly optimizing reliability,
availability, and resource constraints using advanced metaheuristic algorithms. Singla
et al. (2025) [XIV] reviewed modern reliability optimization methods.
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II. Notations & Assumptions
A: Pulp preparation unit B, B5: Paper machine
C: Cutting and packaging unit Ay4: Failure rate of subsystem A

Ag : Failure rate for subsystem B A.: Failure rate for subsystem C

p: Corrective repair rate U,4: Preventive maintenance completion rate
(time™)

a4: Preventive maintenance initiation rate P;(t): Probability for the system being in
state i at time t
A,: Steady-State availability B: Busy period of the repair facility

PF: Long-run profit Q: CTMC transition-rate matrix

III. Mathematical model description

System Description

The proposed paper manufacturing system comprises three subsystems arranged
in a series configuration: the pulp preparation unit (A), two identical paper machines
(Ajand A,) operating under active redundancy, and the cutting and packaging Unit
(C). The pulp preparation units convert raw materials into pulp and are considered the
most critical subsystem; therefore, it is subjected to preventive maintenance. The paper
machines simultaneously produce paper during normal operation, and production
continues if one machine fails while the other remains operational. Complete failure of
this stage occurs only when both paper machines become unavailable. The cutting and
packaging unit performs cutting, inspection, packaging, and dispatch of finished paper
products. A single repair facility is available for corrective maintenance of failed
equipment. The behavior of the system is modeled using the RPGT and Continuous-
Time Markov Chains (CTMC), while the Grey Wolf Optimizer (GWO) is engaged to
determine the optimal failure, repair, and maintenance parameters that maximize
system availability and long-term profit.

Subsystem B
Subsystem A Subsystem C
B1
A > | > C
B,
(Pulp Prep Unit) (Paper Machine) (Cutting and Pack)

Fig.1. Mathematical model
Assumptions
o At first, all subsystems are fully operational.
e The manufacturing system consists of three subsystems (A, B, C) associated in
series, with two identical paper machines (B;, B;) operating under active
redundancy.
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e Subsystem A is subject to preventive maintenance (a4, i), While corrective
maintenance for all failures is handled by a single repair facility p.

e All Failure, repair, and preventive maintenance parameters are expressed in
reciprocal time units (time'). The corrective repair rate (u) represents the
standard number of repairs completed per unit time. Therefore, values such as
1 =1,2,3,4 and 5 indicate increasing repair efficiency and are not restricted
to the interval [0, 1].

IV. Mathematical Modeling:
System States & Operational Status

e Operational state (U, ): All Subsystems (4, By, Bz, C) run normally; production
continues, and the repair facility is idle.

o Active Redundancy (U;): One paper machine (Bjor B,) fails; production
continues because of active redundancy while A and C stay operational.

e Preventive Maintenance (U,): Subsystem A undergoes maintenance initiated
at rate a4, while redundant machine C operates.

e Failed states (U; — U;3): Component failures halt production, and the single
repair facility is actively occupied with corrective maintenance(u).

Non-zero Transition rates

o Failure Mechanisms: Failures follow independent exponential distributions
(A4, Ag, Ac); U, to Ujtransitions at rate 2A5.

e Maintenance Mechanisms: Subsystem A preventive maintenance starts at a,
and completes at p4.

e Corrective Repairs: A single repair facility handles maintenance at rate p,
restoring components to an “as-good-as-new” condition.

e CTMC Framework: Rates populate probability balance equations and the
transition matrix.

Repair-priority Policy and Competing Demands

o Shared Facility constraint: A single repair facility processes corrective
maintenance tasks sequentially when multiple components fail.

e Competing Transitions: States with concurrent failures ( Ug, U;4, U;,) resolve
via active repair completions (¢) and compounding failure rates.

o System Restoration: Completed repairs direct probability flow sequentially
back toward operational states like U,,.

The Mathematical model in the proposed system is developed by integrating the
continuous-time Markov birth process framework, based on the system’s state
transition diagram, the Regenerative Point Graphical Technique (RPGT) with the
Continuous-Time Markov Chain (CTMC) approach. Based on the state transition
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diagram, each regenerative state is represented by a probability function, and the
stochastic behavior of the repairable system is governed by the Chapman-Kolmogrov
differential equations. These equations are obtained by applying the probability balance
principle, whereby the total rate of probability flowing into a state is equal to the total
rate of probability flowing out of it.

U
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4
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AS 2A8 aa
Uy —— U, «— Y < DA - U
A
S
7]
H u
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Fig.2. State Transition diagram

V. Chapman-Kolmogorov Differential Equations

Let P;(t) denote the probability that the system occupies state S; at time t;
based on the transition diagram, the Chapman-Kolmogorove differential equations are
obtained by equating the total inflow and outflow probabilities for each state.

The general form of the forward equation is

dP;(t)
TR sz(t)jS - Pi(t)thj

JE VE
Where q;; is the transition rate from state S; to state S;.
Then several equations are

%=—(ZAB‘FaA+Ac)P0+H(P3+P4_+P5+P6+P7+P9+P10+P13)+[1AP2 (1)
Similarly,
S = 205Py — (g + Ac + 2Py @)
dP,
d—t2=“AP0—(/1A + 24+ A¢ + pa)P, 3)
%=QAP1+ZABP2_(/‘{A +AB+AC)P8 (4)
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Failed state

%zAAPZ_MP3 5)
%=/1CP1—MP4 (6)
%:ACPO_MPS @)
%:ACPZ_.UF% (3)
%:ABPS_.“P7 &)
o = AcPa = uPs (10)
o= MPa — Py (1
= AP — Py (12)
%:ACP‘)_.“PlZ (13)
% = pu(Pyy +Pip) —pPyi3 (14)

Steady-State Analysis

To evaluate the operational performance of the paper manufacturing system, a
binary operational indicator I; € {0,1} is defined for each CTMC state S;(i =
0,1,2,....,13). The indicator is set to [; = 1 if the system is fully operational or
functioning at an acceptable performance level and 0 otherwise. Specifically, degraded
production with one functioning paper machine (U;)is counted as available(l; = 1),
alongside the fully operational state (U,), the preventive maintenance state (U,) and
the operational state Ug.

Under Steady-state Conditions, the probability distribution of the system becomes
independent of time. Therefore,

= 0foralli=0,1,2,3........ 12 (15)
For RPGT and Markov analysis, the system of Differential Equation we can be written
in matrix form:

Q= [qif]14x14

dP(t) _
T2=qQTP (16)

Where P(t) = [Py(t),....P;3(t)]T using the row-generator convention g; ; for
transitions from S; to S;.
Its entries must satisfy:

qij =00 #)), qij = — Xj=idij
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where a = 2 + a4 + A¢
b:AB‘l' O(A+ /’lC
CZZAB+AA+AC+.U'A
d:AB'{'AA‘l'AC

Solution of Stationary Equations and Verification
Under steady-state conditions, the time derivatives of the state probability vanish.

The probabilities also satisfy the Normalization Condition % = 0 for all i.

The system behavior is governed by the matrix equation
QP =00rnQ =0  foralli (18)
13,P =1 foralli.
By solving these stationary equations, the resulting probability vector is obtained and
used to compute the performance measures. These analytical availability values are
then verified against the numerical evaluation tables to ensure model accuracy and
consistency.

VI. Probability Measures
Operating time /Availability

The long-term likelihood that the system is operating at full or acceptable
operational efficiency at any given random moment in time is known as availability.
Depending on its existing condition, this system can function at maximum efficiency.
The only factors that determine a system’s availability are

Avallablllty = PO + Pl + P2 + Pg (19)

3[3Aua+ 422 +4 ay A](as+ 2 2)
A2(72 A+48 u+60as+ 18 ua)+ A(30uaa+12pupa+ 12 a3+ 9aapig)+ Saapapu+5 aju

(20)
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Busy Period
Mathematical Definition and Distinction

Stationary Utilization (B): Represents the long-term fraction of time that the repair
facility is actively engaged in corrective maintenance.

Continuous Busy Spell Duration: Unlike steady-state utilization, the expected duration
of a continuous busy spell measures the mean time the facility remains continuously
occupied from the start of a failure until it returns to an idle state. In this study, the
framework evaluates stationary repair-facility utilization rather than transient busy-
spell duration.

Repair facility Utilization Calculation (B = ), ;)

The repair-occupied states are explicitly identified as the states where the single repair
facility is actively performing corrective maintenance (Usthrough U;,;). The
stationary utilization (B) is calculated as the sum of their steady-state probabilities:
The progression of maintenance can be expressed as

BusyPeriOd:P3+P4+P5+P5+P6+P7+P9+P10+P11+P12 (21)

3[3Aua+ 422 +4 ap A+au](as+2 2)

B =
A2(72 A+48 p+60as+ 18 pg)+ A(30puas+12upa+ 12 ad+ 9aapig)+ 5aapap+5 aju

(22)

Profit Analysis

The profit function serves as an economic optimization metric. It weights the financial
revenue generated by system uptime against the operating costs accumulated by
maintenance actions and fixed overhead losses.

where K;A,: shows the expected revenue, K; is the revenue rate generated per unit of
system uptime. Higher availability directly linearly increases total incoming revenue.
K, B : Represents the variable maintenance cost; V is the expenditure rate associated
with running the repair facility (Technician wages, replacement parts, tooling, energy
usage)

K3 : Represents the fixed overhead costs; this is a constant financial penalty that occurs
regardless of whether the system is operational or broken ( facility rent, licensing,
insurance)

Using the usual function

PF = K]_Av - KzB - K3 (23)
where, K; = 10000, K, = 2000, K; =500
VII. Methodology: Grey Wolf Optimization (GWO) Algorithm

In 2014, Seyedali Mirjalili presented the Grey Wolf Optimizer (GWO), a
metaheuristic technique inspired by the environment. Owing to its simplicity, fast
convergence, and ability to stay away from local optima, GWO has become a popular
optimization technique in engineering design, reliability engineering, maintenance
planning, and complex system optimization problems.

Four types comprise the population of search agents in the GREY WOLF optimizer
according to their fitness values «a, 8,6 and w. The a wolf represents the best result
obtained so far, while f and § wolves assist the a wolf in guiding the search method.
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The remaining wolves are classified as w wolves and inform their positions according
to the direction of the three principal wolves.
There are three primary phases to the grey wolf’s hunting strategy:

VIII. Looking the target, 2.Encircling the target, 3.Attacking the target

The encircling activities can be described accurately as
iD= |¢- X%, -X@|l
[X(t+1)=|x,(©) —4-D|]

Where X represents a search agents Eurrent position A and C are coefficient vectors
governing inquiry, exploitation, and X, indicates the prey position.

The coefficient vectors are considered as

[4= 2{a}- 77— d]
[C = 2r,)]

Where a decreases linearly from 2 to 0 during the optimization phase and 77 and 7, are
accidental vectors uniformly distributed in the interval [0,1].

In the present study, the Grey wolf optimizer is working to settle on the optimal
reliability and maintenance parameters of the proposed RPGT-Markov system. The
purpose is to maximize the system profit function while simultaneously improving
availability and reducing repair facility occupancy. The optimization process searches
for the best combination of failure rates, repair rates, and maintenance parameters
within specified bounds.
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Working Procedure of Grey Wolf Optimizer (GWO)
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Fig.3. Flowchart of GWO Algorithm
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Table 1: Variability in availability in relation to various rates of failure and repair.

Note: The corrective repairs per unit time(time™') are the unit of measurement for repair
rate. Larger values of u correspond to faster repair actions; therefore, values greater
than 1 are physically meaningful in the CTMC-based reliability model.

Availability vs Different Rates

B 1

10.95

3
5 £
x =
= =
) ©

>
g 10 <
o

0.85
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== 3= Availability Curve
e M

—Pe Ap+Ag+Ac (A)
—— {a

—— O

[ Availability

Fig. 4. Availability Vs Different Rates

Interpretation: Table 1 shows how changes in the failure rate (14 + A5 + A¢), repair
rate (i), repair efficiency (u,) and maintenance rate () affect the system’s steady-
state availability. The results reveal the system availability is highly sensitive to both
failure and repair parameters. When the total failure rate increases from 0.100 to 0.180,
while the repair efficiency decreases from 0.500 to 0.350, the availability gradually
declines from 0.9804 to 0.9653, indicating that frequent failures and slower repairs
reduce system performance. Similarly, reducing the repair rate (u) from 5 to 1
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decreases the availability from 0.9804 to 0.9091, emphasizing the importance of rapid
repair actions in maintaining continuous system operation. Conversely, reducing the
failure rate while maintaining a high repair rate and total failure rate significantly
improves performance. The highest availability of 0.9960 is achieved when a, =
0.010, pg =0.500, (A4 + Ag + A¢) =0.020 and p =5.000

Table 2: Variability in Busy Period w.r.t. various rates of failure and repair

Note: The corrective repairs per unit time(time™') are the unit of measurement for repair
rate. Larger values of u correspond to faster repair actions; therefore, values greater
than 1 are physically meaningful in the CTMC-based reliability model.

Busy period vs Different rates

08}
w
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—e—
BN Busy period

J

Fig. 5. Busy Period Vs Different Rates
Table 2 illustrates the manipulation of failure and repair parameters on the busy period
of the repair facility. It is observed that the busy period increases almost proportionally
with the increase in the system failure rate. Specifically, when the failure rate increases
from 0.100 to 0.400, the busy period rises from 0.0196 to 0.0741, reflecting a high
repair workload due to more frequent system failures. In contrast, changes in the
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maintenance rate (&4) have only a marginal effect on the busy period when the rates of
failure and repair do not fluctuate. The minimum busy period of 0.0079 is obtained
when the failure rate is reduced to 0.040, with @, = 0.010,u, = 0.500 and u =
5.000. These results indicate that reducing the occurrence of failures is the most
effective strategy for minimizing repair facility utilization and improving overall
system efficiency.

Table 3: Variation in Reliability w.r.t failure rates

Reliability Analysis vs Different Failure Rates

Reliability

Different Rates

&
6

'S
S

3 B 5
Cases

—O— Op = Ay == Ay —@— Ac i~ Reliability

Fig.6. Reliability Vs Different Rates

Interpretation: The variance in system availability under various combinations of
failure and maintenance rates is shown in Table 3. The results clearly indicate that
reliability improves as the component failure rates decrease. When all failure rates are
equal to 0.010, the reliability is only 0.1353, indicating a relatively high probability of
system failure over the specified mission time.

However, gradually reducing the individual failure rates increases the reliability to
0.1827,0.2214, and 0.2567, respectively. A significant improvement is observed when
both the maintenance rate and failure rates are reduced simultaneously. The maximum
reliability of 0.6873is achieved for a4 = 0.001and 14, = A = A, = 0.005. These
findings confirm that reducing component quality considerably enhances system
reliability.

ShobhaSharmaetal.

150



J. Mech. Cont. & Math. Sci., Vol.-21, No.-10, October (2026) pp 138-155

Table 4: Optimization Results Comparison

Note: Repairs per unit time (time™!) are used to express the corrective repair rate (@).
Larger values of u correspond to faster repair actions; therefore, values greater than 1
are physically meaningful in the CTMC-based reliability model.

ilabili i 104 Profit
1 Availability 015 quy f’en‘od 510"
0.8f 4
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£06} 1.8 3
8 a 5
= = &
3: 04} 13 2
@ 0.05}
0.2 1
° 0.0 0 0O O ° OO0
oFes oPos ofeseN

Fig.7. Optimization Results Comparison

Interpretation: For identifying the ideal failure and repair parameters of the repairable
system, Table 4 contrasts the optimization performance of the Particle Swarm
Optimization (PSO), Genetic Algorithm (GA), and Grey Wolf Optimizer (GWO). The
comparison indicates that the Grey Wolf Optimizer (GWO) provides the most effective
solution among the three optimization techniques. GWO identifies the optimal
parameter combination. (44 = A5 = A1, = 0.01, a4 = 0.01, u, = 0.50), resulting in
the highest system availability of 0.99516, the lowest busy period of 0.00484, and the
maximum profit of 49,685.48 units. The Particle Swarm Optimization (PSO) algorithm
also performs well, achieving an availability of 0.99206, a busy period of 0.00794, and
a profit of 49,563.17 units, although its results are slightly inferior to those of GWO.
In contrast, the Genetic Algorithm (GA) converges to a less optimal solution, producing
the lowest availability (0.87469), the highest busy period (0.12531), and the minimum
profit (41,854.98 units). Overall, the results demonstrate the Grey Wolf Optimizer
achieves superior

convergence and provides the best balance between maximizing system availability,
minimizing repair workload, and enhancing the economic performance of the
repairable system.
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Table 5: Algorithm comparison for A and A,

Table 6: Comparison of optimization obtained using GA, PSO, and GWO

Table 7: Algorithm comparison for A and Profit

A¥3l|abl!lty Vs FaiI!.lre Rate (A') for GA’ PSO and GWO 4PmﬂFum:m)n Vs Failure Rate (A) for GA, PSO and GWO
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Fig. 8. Availability Vs failure Rate
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Fig. 10. Busy Period Vs Failure Rate

IX. Conclusion

The proposed RPGT-Markov model integrated with this GWO algorithm
effectively enhanced the reliability and operational performance of the paper
manufacturing system. Sensitivity analysis demonstrated that the system availability
increases from 0.9091 to 0.9960 as the failure rates were reduced and repair efficiency
was improved, indicating a substantial improvement in long-term operational
performance. Simultaneously, the repair facility busy period decreased from 0.0741 to
0.0079, confirming that lower failure rates significantly reduce maintenance workload.
The reliability analysis further showed that the system reliability increased from 0.1353
to 0.6873 under favorable operating conditions.

The GWO achieved the highest availability of 0.99516, the lowest busy period of
0.00484 and the maximum profit of 49,685.48 compared with GA (availability =
0.87469, busy Period = 0.12531, profit = 41,854.98) and PSO (availability = 0.99206,
busy period = 0.00794, profit = 49,563.17). These results demonstrate that GWO
provides superior convergence and more effective optimization of reliability and
maintenance.
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Overall, the developed GPGT-Markov-GWO framework serves as an efficient
decision-support tool for reliability assessment, maintenance planning, and profit
optimization in repairable manufacturing systems. The methodology can be readily
extended to other continuous-process industries employing redundancy and preventive
maintenance.

Justification for Selecting Wolf Optimization

Grey Wolf Optimization (GWO) was selected because of its strong global search
capability, simple implementation, and excellent convergence characteristics for
nonlinear engineering optimization problems. Unlike the Genetic algorithm (GA),
which requires multiple genetic operators like selection, crossover, and mutation,
GWO updates candidate solutions using only the social hierarchy in addition to the
hunting behavior of Grey wolves, thereby reducing computational complexity.

Compared with Particle Swarm Optimization (PSO), GWO provides better stability,
connecting investigation along with exploitation through the adaptive control
parameter, which gradually shifts the search from universal exploration to local
exploitation. This mechanism helps avoid untimely convergence and improves the
likelihood of obtaining the global optimum.

Furthermore, reliability optimization problems involving repair rates, failure rates,
preventive maintenance parameters, and profit functions are highly nonlinear and
constrained. GWO has demonstrated superior robustness and faster convergence in
solving such optimization problems while requiring fewer control parameters than GA
and PSO. Therefore, GWO was considered an effective optimization technique.
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