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    ABSTRACT

    This study measures production periodicity in a 5.56 mm cartridge case manufacturing system using Max-Plus Algebra. The manufacturing system was modeled as a deterministic discrete event system consisting of eleven sequential stages, one lot of 20,000 units, and inter-process waiting time as a model parameter. A max-plus state-space model was formulated to capture temporal dependencies among stages, followed by eigenvalue analysis and iterative simulation in MATLAB. The results show a minimum production cycle time of 109.649 minutes, with the fire-hole drilling stage identified as the critical production stage. The model clarifies the stable production period of a pipeline manufacturing system and supports stage-focused production evaluation.
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INTRODUCTION


Manufacturing
production systems generally consist of a series of interdependent and
repetitive process stages. In such systems, production completion time
is not determined only by the duration of each process, but also by the
temporal dependencies among stages. A delay in one stage may affect
the continuity of subsequent processes and influence the overall
completion time of the product (Banks, Carson, Nelson, & Nicol,
2004). Therefore, production rhythm needs to be analyzed at the
system level, particularly when the system operates repeatedly and
forms a periodic production pattern (Suradi, 2022).


The
production of 5.56 mm cartridge cases is an example of a
manufacturing system with sequential, interdependent, and repetitive
characteristics. A cartridge case is one of the main components of
ammunition and passes through several production stages, including
initial material forming, quality inspection, further forming, fire-hole
drilling, shape refinement, heat treatment, cleaning, final visual
inspection, and coating. In general, cartridge case manufacturing
involves material forming and process parameter control to ensure that
the resulting component meets the required geometric and functional
specifications (Nguyen, et al., 2025). These sequential, interdependent,
and repetitive characteristics make the cartridge case production
system relevant to be analyzed as a discrete event system.


A discrete
event system is a system whose state changes occur at specific points
in time as a result of certain events, such as the completion of one
process stage or the start of the next stage (Subiono, 2015). In a
pipeline production system, the next production lot can begin at the
initial stage before the previous lot has completed all production
stages. This condition means that production cycle time cannot be
interpreted simply as the total completion time of one lot from the first
stage to the last. Instead, production cycle time is more appropriately
understood as the time interval between production outputs when the
system has reached a stable operating pattern. Therefore, an analytical
mathematical approach is needed to represent temporal dependencies
among production stages and to measure production periodicity.


Max-Plus
Algebra is an appropriate approach for modeling discrete event systems
that involve process sequences, synchronization, and temporal
dependencies. Discrete event systems with synchronization can be
naturally represented as linear equations in Max-Plus Algebra (Baccelli,
Cohen, Olsder, & Quadrat, 2001). In this approach, the relationship
among production stages can be expressed in a max-plus state model,
while the eigenvalue of the system matrix can be used to represent the
operating period of the system under stable conditions (Farlow, 2009).
Max-Plus Algebra is also suitable for analyzing discrete event systems
involving synchronization and temporal dependencies (De Schutter &
van den Boom, 2008).


Previous
studies have shown the application of Max-Plus Algebra in production
systems and scheduling problems. Max-Plus Algebra has been used to
analyze production scheduling in a crystal sugar production system
(Indriyani & Subiono, 2016). This approach has also been applied to
max-plus linear equation systems in serial manufacturing systems with
storage units (Maharani & Suparwanto, 2022). In addition, Max-Plus
Algebra has been used for modeling and scheduling production systems
with specific process structures (Bermanei, Boling, & Hognas, 2023).
However, studies that specifically measure the production periodicity of
a 5.56 mm cartridge case manufacturing system remain limited. Previous
research on 5.56 mm cartridge case production has examined the
production layout aspect, but has not specifically analyzed production
periodicity using a Max-Plus Algebra approach (Kustriyanto,
Pambuditama, & Irawan, 2016).


Based on
this research gap, this article models a 5.56 mm cartridge case
manufacturing system using Max-Plus Algebra, determines the minimum
production cycle time through eigenvalue analysis, and identifies the
critical production stage that determines the periodic behavior of the
system. The case study was conducted on a cartridge case production
line at PT XYZ, an anonymized Indonesian defense manufacturing
company. This study offers a max-plus-based representation for
evaluating the stable production rhythm of a sequential and repetitive
pipeline manufacturing system.


 


LITERATURE
REVIEW


Discrete Event System in Manufacturing


In a discrete
event system, system behavior is represented through a sequence of
events that occur at specific points in time. These events indicate
changes in the system state, so the analysis focuses on the timing
relationships among events rather than on continuous changes over
time (Banks, Carson, Nelson, & Nicol, 2004). In a system with a fixed
process sequence, precedence relations become important because an
event can only occur after its required preceding events have been
completed (Subiono, 2015). This perspective is useful for examining
production systems whose activities depend on the completion time of
preceding processes. It also enables the production flow to be analyzed
through event sequences and temporal constraints.


 


Max-Plus Algebra for Production System Modeling


Max-Plus
Algebra is based on two main operations: maximization as addition and
ordinary addition as multiplication (Baccelli, Cohen, Olsder, & Quadrat,
2001). This structure allows timing relationships in synchronized
systems to be expressed in a max-plus linear form. In production
system modeling, these relationships can be written as the state model
x(k+1) = A ⊗ x(k), where x(k) denotes the event-time
vector and A is the system matrix containing the temporal
dependencies among events (Subiono, 2015). Through this
representation, production stages can be analyzed as an integrated
system rather than as separate process times. The model can also show
how delays or timing dependencies move from one production stage to
another.


 


Production Periodicity and Eigenvalue Analysis


In a
repetitive max-plus system, the eigenvalue of the system matrix
represents the operating period under stable conditions. This value
describes the long-term growth rate of event times and can be
interpreted as the minimum cycle time of the system (Farlow, 2009).
Eigenvalue analysis is also used to examine the periodic behavior of
discrete event systems that involve synchronization and temporal
dependencies among events (De Schutter & van den Boom, 2008).
Therefore, eigenvalue analysis provides a mathematical basis for
evaluating the production rhythm of a repetitive system. It also helps
determine which part of the system governs the overall cycle time.


 


METHODOLOGY


This study
used a quantitative descriptive approach by developing a mathematical
model based on Max-Plus Algebra. This approach was selected because
the production system examined in this study has the characteristics of
a discrete event system, in which changes in system state occur at
specific times due to events such as the completion of a process or the
start of the next process (Subiono, 2015). The temporal dependencies
among production stages were modeled to measure production
periodicity, determine the minimum production cycle time, and identify
the production stage that limits the rhythm of the system.


The object
of this study was the 5.56 mm cartridge case production line at PT
XYZ, an anonymized Indonesian defense manufacturing company. The
production system consists of eleven sequential process stages and was
analyzed as a pipeline production system, since the next production lot
can begin at the initial stage before the previous lot has completed all
production stages.


The data
used in this study included the sequence of production stages,
processing time at each stage, production lot size, and inter-process
waiting time. One production lot consists of 20,000 cartridge cases,
while the average inter-process waiting time was set at 15 minutes. The
model was developed under several assumptions: the production
sequence is fixed, processing times are deterministic, and the
relationships among processes follow a pipeline pattern. Operational
disruptions such as machine breakdowns, material shortages, changes in
the number of operators, or temporary production stoppages were not
included in the model.


The
modeling process was carried out by representing each production
stage as an event-time variable. The relationships among these
variables were then formulated as a Max-Plus Algebra state equation.
This formulation is suitable for synchronized systems because the
maximum operation represents the waiting condition before a process
can begin (De Schutter & van den Boom, 2008). The state model used
in this study is expressed as follows:


x(k+1) = A ⊗ x(k)        (1)


where
x(k) denotes the event-time vector for the k-th
production cycle, while A is the system matrix containing
processing time weights and temporal dependencies among processes.
The output model is expressed as follows:


y(k) = C ⊗ x(k)        (2)


where
y(k) denotes the system output time, and C is the
output matrix that relates the system state to the production output.


The analysis
was conducted by arranging the processing time and inter-process
waiting time into the system matrix, calculating the eigenvalue,
identifying the critical production stage, and performing an iterative
simulation using MATLAB. In Max-Plus Algebra, the eigenvalue can be
used to represent the operating period of the system under stable
conditions and can be interpreted as the minimum production cycle
time (Farlow, 2009).


 


RESULTS AND DISCUSSION


Production Process Parameters


The
production system analyzed in this study consists of eleven sequential
stages, denoted as P1 to P11. Each
stage has its own actual production capacity and processing time per
lot. In this study, one production lot consists of 20,000 cartridge cases,
and all processing times are expressed in minutes per lot to ensure
consistency in the max-plus model formulation. The production process
data used as model parameters are presented in Table 1.


Table 1. Production Process Data of the 5.56 mm Cartridge Case Manufacturing System





	Process Notation (Pi)
	Production Stage
	Actual Capacity per Hour
	Processing Time per Lot (minutes)




	P₁	Drawing I & II and Cutting	11,520	104.167

	P₂	Quality Control	50,000	24

	P₃	Bending I & II and Bottle Forming I & II	11,520	104.167

	P₄	Quality Control	50,000	24

	P₅	Fire-Hole Drilling	10,944	109.649

	P₆	Quality Control	50,000	24

	P₇	Edge Turning	11,520	104.167

	P₈	Various Gauging	16,320	73.529

	P₉	Mouth Annealing	11,760	102.041

	P₁₀	Acid Washing and Rinsing	40,000	60

	P₁₁	Visual Inspection and Varnishing	12,240	98.039




Source: Team Author, 2026, based on company production data.


Based on
Table 1, the longest processing time occurs at P5,
namely the fire-hole drilling stage, with a processing time of 109.649
minutes per lot. The quality control stages at P2,
P4, and P6 have the shortest
processing time, each requiring 24 minutes per lot. In addition to the
processing time at each stage, the model also includes an average
inter-process waiting time of 15 minutes between consecutive
production stages. The waiting time before the first stage was assigned
a value of 0 minutes because no preceding process exists, so the
production sequence starts from P1. The inter-process
waiting times from P1 to P2
through P10 to P11 were assigned
an average value of 15 minutes, while the waiting time after
P11 was set to 0 minutes because
P11 is the final stage before the production output.
The waiting-time values were included in the Max-Plus Algebra model
as ti. Figure 1 illustrates the sequence of production
stages, processing times, and inter-process waiting-time parameters
used in the max-plus model.
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Figure 1. Production Flow and Waiting-Time Parameters of the 5.56 mm Cartridge Case Manufacturing System
Source: Team Author, 2026, based on company production data.


Max-Plus Model of the Production System


The max-plus
model was formulated under several assumptions. Each production
stage was represented as a single state variable, although a stage may
consist of one or more parallel machines. When parallel machines were
used in the same stage, their capacities were aggregated into one total
actual capacity. The processing time of each stage was expressed in
minutes per lot and was assumed to remain constant during the
modeling period. The system was modeled as a pipeline production
system, in which the next production lot can enter the first stage once
the first stage has completed the previous lot, without waiting for the
previous lot to finish all production stages.


The notation
Pi denotes the i-th production stage,
di denotes the processing time of stage
Pi, and ti denotes the waiting
time before entering stage Pi. The state variable
xi(k) denotes the starting time of stage
Pi in the k-th production lot, where
i = 1,2,…,11 and k = 1,2,3,…. Meanwhile,
y(k) denotes the completion time of the k-th
production lot after the product has completed the final stage and
leaves the system.


Based on
these assumptions and notation, the starting time of each production
stage in the (k+1)-th production lot was determined. In the
pipeline system, a stage can begin processing the next lot only after
two conditions are satisfied: the output from the preceding stage has
become available, and the same stage has completed the previous lot.
For the first stage, P1, no preceding process exists;
therefore, its starting time depends only on the completion of
P1 in the previous lot, as expressed in Equation
(3).


x₁(k+1) = x₁(k) + d₁        (3)


For stages
P2 to P11, the starting time is
determined by the maximum value between the availability time of the
output from the preceding stage and the completion time of the same
stage in the previous lot. This relationship is written as follows:


xi(k+1) = max{x(i-1)(k+1) + d(i-1) + ti, xi(k) + di}, i = 2,3,…,11        (4)


Equation (4)
shows that each stage can start only when the product from the
preceding stage is available and the stage itself is ready to process the
next lot. Based on this recursive relationship, the processing-time and
waiting-time parameters were substituted sequentially from
P1 to P11. The recursive equations
for all production stages are obtained as follows:


x₁(k+1) = x₁(k) + 104.167

x₂(k+1) = max{x₁(k+1) + 119.167, x₂(k) + 24}

x₃(k+1) = max{x₂(k+1) + 39, x₃(k) + 104.167}

x₄(k+1) = max{x₃(k+1) + 119.167, x₄(k) + 24}

x₅(k+1) = max{x₄(k+1) + 39, x₅(k) + 109.649}

x₆(k+1) = max{x₅(k+1) + 124.649, x₆(k) + 24}

x₇(k+1) = max{x₆(k+1) + 39, x₇(k) + 104.167}

x₈(k+1) = max{x₇(k+1) + 119.167, x₈(k) + 73.529}

x₉(k+1) = max{x₈(k+1) + 88.529, x₉(k) + 102.041}

x₁₀(k+1) = max{x₉(k+1) + 117.041, x₁₀(k) + 60}

x₁₁(k+1) = max{x₁₀(k+1) + 75, x₁₁(k) + 98.039}


In Max-Plus
Algebra, the maximum operation is written as ⊕, while ordinary addition
is written as ⊗. Therefore, the recursive equations can be expressed in
max-plus form as follows:


x₁(k+1) = x₁(k) ⊗ 104.167

x₂(k+1) = 119.167 ⊗ x₁(k+1) ⊕ 24 ⊗ x₂(k)

x₃(k+1) = 39 ⊗ x₂(k+1) ⊕ 104.167 ⊗ x₃(k)

x₄(k+1) = 119.167 ⊗ x₃(k+1) ⊕ 24 ⊗ x₄(k)

x₅(k+1) = 39 ⊗ x₄(k+1) ⊕ 109.649 ⊗ x₅(k)

x₆(k+1) = 124.649 ⊗ x₅(k+1) ⊕ 24 ⊗ x₆(k)

x₇(k+1) = 39 ⊗ x₆(k+1) ⊕ 104.167 ⊗ x₇(k)

x₈(k+1) = 119.167 ⊗ x₇(k+1) ⊕ 73.529 ⊗ x₈(k)

x₉(k+1) = 88.529 ⊗ x₈(k+1) ⊕ 102.041 ⊗ x₉(k)

x₁₀(k+1) = 117.041 ⊗ x₉(k+1) ⊕ 60 ⊗ x₁₀(k)

x₁₁(k+1) = 75 ⊗ x₁₀(k+1) ⊕ 98.039 ⊗ x₁₁(k)


By
recursively substituting the preceding-stage equations, the system can
be written in the matrix form x(k+1) = A ⊗ x(k). The resulting
system matrix A is presented as follows:


A =


	104.167	ε	ε	ε	ε	ε	ε	ε	ε	ε	ε

	223.334	24	ε	ε	ε	ε	ε	ε	ε	ε	ε

	262.334	63	104.167	ε	ε	ε	ε	ε	ε	ε	ε

	381.501	182.167	223.334	24	ε	ε	ε	ε	ε	ε	ε

	420.501	221.167	262.334	63	109.649	ε	ε	ε	ε	ε	ε

	545.15	345.816	386.983	187.649	234.298	24	ε	ε	ε	ε	ε

	584.15	384.816	425.983	226.649	273.298	63	104.167	ε	ε	ε	ε

	703.317	503.983	545.15	345.816	392.465	182.167	223.334	73.529	ε	ε	ε

	791.846	592.512	633.679	434.345	480.994	270.696	311.863	162.058	102.041	ε	ε

	908.887	709.553	750.72	551.386	598.035	387.737	428.904	279.099	219.082	60	ε

	983.887	784.553	825.72	626.386	673.035	462.737	503.904	354.099	294.082	135	98.039




In the
matrix, ε denotes the max-plus zero element, which represents the
absence of a direct temporal dependency between two stages. The
diagonal entries represent the processing time of each production
stage, while the off-diagonal entries represent cumulative temporal
dependencies formed by processing times and waiting-time parameters.


The system
output was obtained after the final production stage had been
completed. Therefore, the output matrix C is expressed as
follows:


C =


	ε	ε	ε	ε	ε	ε	ε	ε	ε	ε	98.039




The matrices
A and C represent the temporal structure of the
cartridge case manufacturing system. Matrix A was then used as
the basis for eigenvalue analysis to determine the production
periodicity and identify the critical production stage of the system.


 


Eigenvalue and Critical Production Stage


After matrix
A was constructed, eigenvalue analysis was used to determine
the system's production periodicity. The calculation was carried out
using MATLAB based on the max-plus system matrix formulated in the
previous subsection. The eigenvalue obtained from the matrix
A is expressed as follows:


λ = 109.649 minutes


The
eigenvalue indicates the minimum production cycle time of the
cartridge case manufacturing system under stable pipeline conditions.
Under a stable repetitive pattern, the system produces outputs at
intervals of 109.649 minutes. This value does not represent the total
completion time of one lot from the first stage to the final stage, but
rather the time interval between production outputs when the system
operates periodically.


The critical
node identified from the max-plus model is P5,
which represents the fire-hole drilling stage. This node forms a critical
circuit in the form of a self-loop with a weight of 109.649 minutes.
Therefore, P5 becomes the critical production stage
that determines the overall production periodicity of the system. The
summary of the eigenvalue analysis and the critical production stage is
presented in Table 2.


Table 2. Eigenvalue and Critical Production Stage





	Result Component
	Value / Stage
	Interpretation




	Eigenvalue	109.649 minutes	Minimum production cycle time

	Critical node	P₅	Node determining the system period

	Critical production stage	Fire-Hole Drilling	Stage limiting the production rhythm

	Critical circuit	Self-loop at P₅	Main determinant of production periodicity




Source: Team Author, 2026, based on MATLAB calculation.


To verify the
eigenvalue, the corresponding eigenvector was also calculated. The
eigenvector associated with λ = 109.649 is expressed as follows:


v =


	ε

	ε

	ε

	ε

	0

	124.649

	163.649

	282.816

	371.345

	488.386

	563.386




Several
initial components of the eigenvector are ε, which denotes the max-plus
zero element. This occurs because the system matrix formed from the
pipeline production structure is not strongly connected. However, the
eigenvector remains valid because it satisfies the eigenvalue equation
in Max-Plus Algebra. The verification result is shown as follows:


A ⊗ v = λ ⊗ v =


	ε

	ε

	ε

	ε

	109.649

	234.298

	273.298

	392.465

	480.994

	598.035

	673.035




Since A ⊗ v
= λ ⊗ v, the eigenvalue and eigenvector satisfy the max-plus eigenvalue
equation. Thus, the value λ = 109.649 minutes can be used to represent
the stable production period of the system. This result also confirms
that the fire-hole drilling stage governs the periodic behavior of the
cartridge case manufacturing system and becomes the basis for the
iterative simulation in the next subsection.


 


Iterative Simulation Result


After the
eigenvalue and eigenvector were verified, an iterative simulation was
conducted to observe the progression of event times across
consecutive production lots. The simulation was performed using the
max-plus state model that had been formulated previously. In this
simulation, all production stages were assumed to be empty and ready
at the initial condition, and the starting time of the first stage in the
first production lot was set to 0 minutes.


The iterative
simulation was used to show how the model calculates the starting time
of each production stage from one lot to the next. The starting times
for the first three production lots are presented in Table 3.


Table 3. Starting Time of the First Three Production Lots Based on the Max-Plus Model





	Production Stage
	Lot 1 (minutes)
	Lot 2 (minutes)
	Lot 3 (minutes)




	P₁	0	104.167	208.334

	P₂	119.167	223.334	327.501

	P₃	158.167	262.334	366.501

	P₄	277.334	381.501	485.668

	P₅	316.334	425.983	535.632

	P₆	440.983	550.632	660.281

	P₇	479.983	589.632	699.281

	P₈	599.150	708.799	818.448

	P₉	687.679	797.328	906.977

	P₁₀	804.720	914.369	1,024.018

	P₁₁	879.720	989.369	1,099.018




Source: Team Author, 2026, based on MATLAB calculation.


Table 3 shows
that the starting time of each production stage shifts from one lot to
the next according to the temporal dependencies in the pipeline
system. In the early stages, the time shift is still influenced by the
processing time of each stage and the availability of the preceding
process. Starting from P5, the time difference
between consecutive lots follows the eigenvalue of 109.649 minutes,
indicating that the system begins to follow the stable production period
determined by the critical stage.


To provide an
operational interpretation, the simulated starting times were also
converted into clock-time format by assuming that the first production
lot starts at 07:00:00 on Day 0. Under this assumption, the first lot
reaches the final stage P11 at 21:39:43, the second
lot at 23:29:22, and the third lot at 01:19:01 on the following day. This
conversion does not affect the analytical result; it only shows how the
simulated times can be read as practical production schedules.


The
simulation confirms that the max-plus model can represent the
repeated movement of production lots through the eleven production
stages. The pattern shown in Table 3 supports the eigenvalue analysis,
where the fire-hole drilling stage P5 determines the
production rhythm and governs the minimum production cycle time of
the system.


The results
indicate that the 5.56 mm cartridge case manufacturing system has a
sequential, repetitive, and interdependent production structure.
Therefore, the system should not be viewed only as separate process
times, but as an integrated manufacturing flow in which each stage
affects the timing of the next stages. This interpretation is in line with
the concept of production systems as interconnected input-process-output
structures, where the performance of one process may influence the
continuity of the entire production flow (Julyanthry, et al., 2020).
Therefore, the use of a system-level modeling approach is important for
understanding the production rhythm of a pipeline manufacturing
system.


The structure
of the cartridge case production line also supports its representation as
a discrete event system. Each change in the system occurs when a
production stage starts or finishes processing a lot. This characteristic
is consistent with the view that manufacturing systems can be modeled
as discrete event systems because their state changes are triggered by
specific events rather than continuous time changes (Khotimah, 2015).
In this study, the event-time variables were used to represent the
starting time of each production stage, while inter-process waiting time
was included to capture the temporal dependency between consecutive
stages. This formulation allows the production system to be analyzed
through the sequence of events and the timing constraints that connect
them.


The max-plus
state model represents the temporal structure of the cartridge case
manufacturing system mathematically. The system matrix does not only
contain the processing time of each stage, but also reflects cumulative
temporal dependencies formed by the sequence of processes and
waiting-time parameters. This is consistent with previous explanations
that Max-Plus Algebra is suitable for systems involving synchronization,
precedence relations, and repetitive operations (De Schutter & van den
Boom, 2008). In production system modeling, this representation is
useful because it allows the production process to be analyzed as an
integrated time-dependent structure rather than as isolated processing
activities (Nasrulyati, 2017).


The
eigenvalue analysis shows that the production periodicity of the system
is governed by the maximum temporal constraint in the max-plus
model. The obtained eigenvalue represents the minimum production
cycle time under stable pipeline conditions. This interpretation is
consistent with the role of eigenvalues in Max-Plus Algebra, where the
eigenvalue represents the long-term operating period of a repetitive
discrete event system (Farlow, 2009). Therefore, the production cycle
time in this study should be interpreted as the interval between
production outputs after the system has reached a stable repetitive
pattern, not as the total completion time of one production lot from the
first stage to the final stage.


The
identification of the fire-hole drilling stage as the critical production
stage indicates that production periodicity is determined by the stage
that forms the critical circuit in the system matrix. Although several
stages have relatively long processing times, the fire-hole drilling stage
becomes dominant because it directly determines the stable rhythm of
the pipeline system. This means that the overall production rhythm
cannot be improved only by reducing processing time in non-critical
stages. Improvement efforts should first consider the stage that
controls the system period, because changes in non-critical stages may
not significantly affect the minimum production cycle time if the
critical stage remains unchanged.


The iterative
simulation supports the eigenvalue analysis by showing that the time
interval between consecutive lots becomes consistent from the critical
stage onward. This pattern shows that the max-plus model can trace the
repeated movement of production lots through the eleven stages. The
simulation also illustrates the pipeline characteristic of the system,
where the next lot can enter the initial stage before the previous lot has
completed all production stages. This result is consistent with the
behavior of cyclic discrete event systems, in which repeated event
sequences eventually form a stable temporal pattern (Subiono, 2015).


Compared with
previous studies, this research applies Max-Plus Algebra to a more
specific manufacturing object, the 5.56 mm cartridge case production
system. Previous studies have applied Max-Plus Algebra to various
production scheduling and manufacturing problems. This approach has
been used to analyze production scheduling in a crystal sugar
production system (Indriyani & Subiono, 2016). Max-Plus Algebra has
also been applied to a glass production system (Pramesthi, 2017).
Another study applied max-plus linear equation systems to serial
manufacturing systems with storage units (Maharani & Suparwanto,
2022). In addition, Max-Plus Algebra has been used to model an
eyelash production system (Novika, Suroto, & Guswanto, 2023). Similar
findings also show that Max-Plus Algebra can be applied to production
systems with fixed process structures (Bermanei, Boling, & Hognas,
2023).


This study
also complements previous research on 5.56 mm cartridge case
production. Previous research has examined the production layout
aspect of cartridge case manufacturing, but has not specifically
analyzed production periodicity using Max-Plus Algebra (Kustriyanto,
Pambuditama, & Irawan, 2016). Therefore, this study contributes a
model for examining the production rhythm of a cartridge case
manufacturing system. This contribution is particularly relevant
because cartridge case production is part of a defense manufacturing
process that requires stable, repetitive, and measurable production
performance.


Practically,
the results can support the evaluation of production rhythm in the
cartridge case manufacturing system. The identification of the fire-hole
drilling stage as the critical production stage provides a clear direction
for production monitoring and improvement priorities. If the company
aims to reduce the minimum production cycle time, attention should be
directed first to the critical stage, for example through capacity
evaluation, machine utilization analysis, or process balancing.
However, any improvement decision should still consider operational
feasibility, quality requirements, and production safety, especially
because cartridge case manufacturing involves strict product
specifications.


The model
developed in this study has limitations related to the assumptions used
in the analysis. The model considers processing time, inter-process
waiting time, production sequence, and the pipeline production pattern,
while operational disruptions such as machine breakdowns, material
delays, product defects, rework, operator variation, and changes in
machine availability were not included. Therefore, the production
periodicity obtained in this study represents the system behavior under
deterministic and stable operating assumptions. In real production
conditions, the production rhythm may change when operational
disturbances or capacity changes occur. Thus, the model helps clarify
which stage controls the output interval and how temporal
dependencies shape the periodic behavior of the production line.


 


CONCLUSIONS AND RECOMMENDATIONS


The 5.56 mm
cartridge case manufacturing system can be modeled as a deterministic
discrete event system using Max-Plus Algebra. The production system
consists of eleven sequential and interdependent stages that operate in
a pipeline pattern. By representing each production stage as an
event-time variable, the temporal dependencies among stages can be
formulated into a max-plus state-space model.


The
eigenvalue analysis shows that the minimum production cycle time of
the system is 109.649 minutes. This value represents the stable
production period of the system, or the time interval between
production outputs after the pipeline reaches a repetitive operating
pattern. Therefore, the value should not be interpreted as the total
completion time of one production lot from the first stage to the final
stage. The fire-hole drilling stage, denoted as P5,
was identified as the critical production stage because it forms the
critical circuit that determines the overall production periodicity.


Based on
these findings, production monitoring and improvement efforts should
prioritize the fire-hole drilling stage. If the company aims to reduce the
minimum production cycle time, improvement actions should first be
directed toward evaluating the capacity, machine utilization, and
process balance of this stage. The model can also help evaluate
production rhythm, assess production performance, and support
improvement planning in pipeline manufacturing systems.


 


FURTHER STUDY


The model was
developed under deterministic and stable operating assumptions.
Therefore, future studies may extend the model by considering
operational disturbances such as machine breakdowns, material delays,
product defects, rework, operator variation, and changes in machine
availability. These factors may influence production timing and may
provide a more realistic representation of the actual production
environment.


Further
research may also compare several improvement scenarios at the
critical production stage, especially the fire-hole drilling stage, to
evaluate their impact on production periodicity. The model may also be
extended by integrating real-time production data or simulation-based
approaches to support more dynamic production planning in pipeline
manufacturing systems.
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