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Abstract:

This study work assesses the performance and dependability of a rice production facility by mathematical modeling approaches,
especially employing the Laplace Transform and the Runge-Kutta Fourth-Order (RK4) Method. The research examines system
failure rates, maintenance scheduling, and operational efficiency using the formulation of differential equations grounded on
reliability theory. The Laplace Transform is used to simplify intricate differential equations that dictate system dependability,
while the RK4 approach offers numerical solutions for evaluating dynamic performance. The findings illustrate how these
mathematical instruments may increase production efficiency, forecast system faults, and improve maintenance methods in rice
manufacturing facilities i.e. This study work assesses the performance and dependability of a rice production facility by
mathematical modeling approaches, especially employing the Laplace Transform and the Runge-Kutta Fourth-Order (RK4)
Method. The research examines system failure rates, maintenance scheduling, and operational efficiency using the formulation
of differential equations based on reliability theory. The Laplace Transform is used to simplify intricate differential equations
related to system dependability, while the RK4 approach offers numerical solutions for evaluating dynamic performance. The
findings illustrate how these mathematical methods may improve production efficiency, forecast system faults, and refine
maintenance procedures in rice manufacturing facilities.

Keywords: Reliability Theory, Laplace Transform, Runge-Kutta Method, Rice Manufacturing, Performance Assessment,
Differential Equations.

Introduction:

Rice production factories are intricate processes that include numerous phases, including cleaning, husking, milling, and
packaging of the rice. The maintenance of high levels of productivity requires ensuring a high level of dependability and a low
amount of downtime. Reliability theory offers mathematical frameworks that may be used to evaluate the performance of
systems, failure rates, and the efficiency of maintenance interventions.

Reliability engineering has been extensively used in industrial systems to reduce failures and enhance maintenance efficiency.
Elsayed (2012) asserts that reliability theory offers mathematical models to forecast system performance under various failure
scenarios. Kumar & Klefsjd (1994) proved that the Weibull distribution accurately represents failure rates in food processing
facilities because to its adaptability in modeling early, random, and wear-out failures.

The Laplace Transform is an effective instrument for resolving differential equations in reliability analyses. Kreyszig (2011)
emphasized its use in transforming time-domain reliability functions into algebraic representations for enhanced analysis.
Dhillon (2006) used Laplace techniques to estimate consistent failure rates in industrial equipment, therefore streamlining
maintenance planning. This method is restricted to linear systems with fixed coefficients, rendering it less useful for time-varying
failure situations.

Numerical approaches, such as the Runge-Kutta Fourth-Order (RK4) method, are favored for nonlinear and time-varying
dependability models. Butcher (2008) identified RK4 as an effective method for addressing intricate differential equations in
engineering contexts. Meeker and Escobar (1998) used numerical simulations to forecast system deterioration in food processing
facilities, demonstrating that RK4 yields precise reliability assessments under dynamic failure scenarios.

Limited research has especially focused on dependability modeling within rice production systems. Jafari and Srinivasan (2018)
examined failure mechanisms in rice milling machines by statistical reliability approaches, although they excluded differential
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equation-based models. Zhang et al. (2020) used machine learning for predictive maintenance, although recognized the need for
hybrid mathematical models to enhance accuracy.

The use of reliability theory in industrial systems has been extensively researched because of its importance in enhancing system
performance and minimizing operational downtime. Reliability modeling methods are extensively used to assess the probability
of system failures and to devise efficient maintenance plans.

Laplace Transform Methods are widely used in system dependability modeling since they convert intricate differential equations
into more tractable algebraic forms. Trivedi (2002) highlighted the efficacy of Laplace Transforms in resolving system
dependability equations, especially in Markovian systems, by reducing computing complexity and facilitating symbolic
manipulation. Rausand and Hayland (2004) similarly illustrated the use of Laplace Transform methods in generating availability
and reliability functions for both repairable and non-repairable systems.

Numerical approaches, particularly the Runge-Kutta Fourth-Order (RK4) method, are esteemed for their precision in addressing
time-dependent reliability differential equations when analytical solutions are unattainable. The RK4 technique provides a
reliable approach for addressing initial value difficulties, essential for replicating the dynamic behavior of industrial systems
(Ogata, 2010). In reliability engineering, numerical approaches are especially beneficial for systems exhibiting nonlinear or time-
varying failure and repair rates.

Numerous research have used mathematical models in agricultural and industrial sectors. Gupta and Sharma (2006) used Markov
chains and Laplace Transforms to predict the dependability of intricate industrial arrangements, offering significant insights into
the impact of component-level failures. Kumar and Rai (2021) have examined the dependability of agro-based processing
systems and advocated for hybrid modeling methods that integrate analytical and numerical methodologies to enhance accuracy.

In rice processing, research by Singh et al. (2018) has assessed equipment dependability via statistical failure data, although
often omitted dynamic modeling methods. This study addresses the gap by combining Laplace and RK4 approaches, providing
a complete and adaptable framework for real-time decision-making and predictive maintenance.

The integration of analytical and numerical approaches in reliability assessment offers dual benefits: the mathematical precision
of Laplace Transforms and the practical flexibility of RK4 simulations. This duality is especially useful in systems such as rice
production factories, where several interdependent components impact overall performance and need customized reliability
evaluations.

Food is essential for the existence of all life on Earth and serves as a tool of national strength to preserve independence, pride,
and dignity. Food security is not only a fundamental component of human growth but also the primary objective of every country.
Food security is crucial for attaining the primary objective of political stability, as no rational nation would endure food
insecurity, especially amid increasing population pressures that exacerbate existing disparities (Ahmad 2009).

The global population has risen significantly from 6.1 billion in 2000 to 7.2 billion in 2014, with projections indicating it will
reach 9 billion by 2050 (FAOSTAT 2015). The fast expansion threatening food security requires an understanding of agricultural
growth and productivity to enhance agricultural outputs and satisfy the rising demand for food. Agriculture is often regarded as
a primary source of nourishment, employment, and revenue production for the expanding global population (Sawaneh et al.
2013). Agriculture continues to be essential for economic progress in the 21st century. It constitutes one-third of the gross
domestic product (GDP) and three-quarters of employment in Sub-Saharan Africa. Agriculture is, however, more susceptible to
climate change than any other industry. A rising environment may reduce agricultural output by almost 25%. Agriculture and
land use changes account for 19-29% of global greenhouse gas emissions (World Bank 2014b).

The Cambodian economy mostly relies on the agriculture sector, which accounts for 27% of the national GDP and employs 65%
of the working force (CDRI 2012). The expansion of the agriculture sector has been essential in Cambodia's growth (ADB 2014).
Since 2004, the expansion of Cambodia has been propelled by the garment, agricultural, construction, and tourist sectors.
From 2010 to 2013, GDP grew by almost 7% per year, while GDP per capita in purchasing power parity rose from $2,462 in
2010 to $3,056 in 2013 (CIA 2014; World Bank 2013). Despite the significant increase in Cambodia's per capita GDP, it remains
comparatively low relative to other countries in the area. The majority of rural families rely on agriculture and its associated sub-
sectors; rice, fish, lumber, clothes, and rubber constitute Cambodia's principal export commodities (CIA 2014).

Rice production is pivotal to the Cambodian agricultural sector; the majority of Khmer farmers rely directly and indirectly on
the annual success of the rice crop, which serves as the primary food staple and significantly contributes to national food security
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efforts. It constitutes about 80% of the total cultivated area, serves as the principal agricultural export product, represents the
primary source of crop value addition, and acts as the key catalyst for agricultural expansion (Yu and Diao 2011). As a crucial
staple crop for human consumption, rice plays an unparalleled role in addressing food poverty. Moreover, rice serves as a pivotal
economic crop that predominates in several agricultural economies globally, especially in developing nations such as Cambodia.

Today, expanding planting areas, increasing input of material elements, and progressively rising productivity appear to be the
three most essential variables in boosting rice production yield, which is comparable to the agricultural crops (Liu and Li 2010).
Raising the productivity of rice production should be the most preferred factor among the three that have been described so far,
because planting area and material input factors are limited and the population has grown rapidly from 11.4 million in 1998 to
15.5 million in 2014 (NIS 1998; NIS 2008), leading to an increasing demand for land areas and material input factors for non-
farm activities.

Exports of rice from Southeast Asia are the highest in the world. Growing rice is a common practice throughout the area, but it
is most prevalent in the mainland countries, stretching from Vietnam in the east to Myanmar/Burma in the west, because to the
abundance of water and flat ground in the river deltas. Because of its central role in the economic, political, and social
development of eight agricultural nations that are members of the Association of Southeast Asian Nations (ASEAN)—namely,
Cambodia, Indonesia, Laos PDR, Malaysia, Myanmar/Burma, the Philippines, Thailand, and Vietnam—rice is not only the
dominant food crop in the region but also the lifeline for millions of people. It is the main source of nutrition for over 557 million
people and has been for more than four thousand years in the area. According to Batello (2012), Canoy and Belangel (2004), and
Redfern et al. (2012), rice is more than simply food; it is also a vital anchor in maintaining political stability, a key topic of
economic policy, and a factor in determining national goals.

Obijective:

This research seeks to evaluate and enhance the reliability and performance of a rice production facility by incorporating Laplace
Transform and Runge-Kutta Fourth-Order (RK4) methodologies into reliability theory. The precise aims are:

1. To develop a mathematical dependability model for a rice processing facility utilizing:
Laplace Transform for analytical solutions of systems with a constant failure rate
Fourth Order Runge-Kutta (RK4) technique for numerical solutions of time-dependent failure rates.
Assessing system dependability across various operating situations by:

Deriving differential equations from failure rate distributions (Weibull, exponential).
Evaluating the accuracy of analytical (Laplace) and numerical (RK4) solutions.

To enhance maintenance techniques by:

Forecasting pivotal failure thresholds via reliability degradation curves.

Advising on preventative maintenance programs to optimize operational uptime.

To augment manufacturing efficiency by:

Identifying bottleneck processes with the greatest risk of failure.

Suggesting enhancements in design or operations informed on reliability analysis.
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Methodology:

This research use a combined mathematical and computational methodology to evaluate the dependability and performance of a
rice production facility. The approach comprises the following essential phases:

System Analysis and Failure Data Acquisition:

Determine Essential Elements:

Detail the rice production process (cleaning, husking, milling, polishing, packaging).
Identify equipment susceptible to failure (e.g., hullers, whitening machines, conveyors).
Gather Historical Failure Data:

Records of time between failures (TBF).

Maintenance records and repair durations.

Operational stressors (load, duration, environmental variables).

Reliability Analysis Utilizing Laplace Transform:

Applying Laplace Transform to the differential equations:

L WO T NDTD 2D e
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dPi(t) _
dt

27 (Aij Pi(1) -2 Pi(1) )

Where Pj(t) is the probability of being in state i at time t.
b. Laplace Transform Approach

The Laplace transform is applied to convert the differential equations into the s-domain:

dP(t)
dt

L{

This transformation facilitates algebraic manipulation to determine dependability measures, including Mean Time Between
Failures (MTBF) and steady-state availability.

} =sP(s) -P(0)

4. Numerical Solution via RK4 Method:

The RK4 technique is used to numerically solve differential equations with nonlinear or time-dependent failure rates. The RK4
method repeatedly calculates the state probabilities.

ki = h f(tn, Pn)

ko = h f( ta+ h/2,Pa+ka/2)

ks = h f(t:+ h/2,Pn+k2/2)

Ka = h f( ta+ h/2,Pp+ks)

. Pn+1:Pn+1/6(k12k2+2k3+k4),
Numerical Problem:

SANEIE S

1. A rice milling machine has a failure rate (A) of 0.002 failures per hour and a repair rate (i) of 0.1 repairs per hour.
Given that it is a single-component system, determine:

a. The reliability function R(t) using Laplace Transform.
b. The probability that the machine remains operational after 100 hours.
Solution:

Step 1: Formulate the Differential Equation

For a single machine with repair, the state probabilities are:
Po(t): Probability of being operational,
P1(t): Probability of being failed.

The state probabilities are governed by:

0 = —APy(t) + p Pat)

D = 2Py 1) - 1 Pa()

Taking Laplace transforms:

S Po(S) — Po(0) = —AP,(S) + u P1(s)

$ P1(s) — P1(0) = APy(S) - 1 P1(s)

Assuming initial conditions Po(0) =1 (fully operational) and P1(0)=0, we solve for steady-state (s—0):

Substituting and solving:

Py(s) =

s+u
s(s+tA+up)
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By taking inverse Laplace transform,

M LA (At
PO(t) p.+A+/1+ue

Since reliability R(t)=Po(t)

0.1 0.002 _
R(t) = + e—(0.1+0.002)t
0.140.002  0.140.002

If t =100 hrs then
R(t) =~ 0.9804.

2. Arrice packing facility has the following failure and repair rates:

Failure rate (A) = 0.005 failures/hour

Repair rate (p) = 0.2 repairs/hour

Using the RK4 method with a step size h=10 hours, estimate:
a. The reliability R(t) at t=50 hours.
b. Compare with the Laplace Transform solution.

Solution:

Step 1: Define the Differential Equation

For a single machine:

dPy(t) _

o0 = 3Po(t) + p Pa()

00 = —APy(t) + p (1- Po(t))

Step 2: Implement RK4

Given:

2=0.0051=0.005, n=0.2
Initial condition: Po(0)=1
Step size: h=10.

Iteration 1 (t=0to t = 10):
f(t, Po) = 0.2 — 0.205 Py
ki=-05

ko = 0.4625

ks--0.0524

ks =0.0576

Po(10) ~ 0.975

If t = 50 then

R(50) ~ 0.975.

Comparison with Laplace Solution:

The Laplace solution gives:
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— K LA —(atudt
R(t) u+/1+l+p.e

If t = 50 then

R(t) = 0.9756.
3. Arrice manufacturing line has three sequential machines with specified failure rates:
a. Husker: 2,=0.001 failures/hour
b. Sorter: A,=0.002failures/hour

c. Packer: 23=0.003 failures/hour

Assuming no repairs, compute:

The system reliability at t=200t=200 hours using Laplace.
The MTTF (Mean Time to Failure).

Solution:

Step 1: System Reliability for Series System

For a series system:

Ryys(t) = e~Mt  o=l2t =23t = 5=0.006¢

If t= 200 then Ryys(t) ~ 0.3012.

Step 2: MTTF Calculation

For an exponential distribution:

1

~ 166.67 hrs.

MTTF = 7

Sys
Conclusion:

For the purpose of determining the dependability of a rice production facility, his research used the Laplace Transform and the
Runge-Kutta Fourth-Order (RK4) Method with great achievements. While the RK4 technique permitted accurate numerical
approximations for complicated situations, the Laplace Transform was able to give precise analytical answers for the
dependability of the system. Among the most important discoveries, it was shown that high repair rates considerably increase
system dependability, while series systems are very susceptible to failures. When it comes to maintaining ongoing rice
production, the findings highlight the need of preventative maintenance and system redundancy. There is a possibility that future
research may include dynamic failure models and real-time sensor data in order to provide adaptive reliability forecasts. The
present model is based on the assumption that failure and repair rates remain constant.
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