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Abstract
[bookmark: _GoBack]Shipbuilding involves highly complex multi-station assembly operations where the timely availability of materials is critical for maintaining production flow and preventing bottlenecks. Traditional inventory management in shipyards relies heavily on deterministic planning and static ordering policies, which often fail to capture system uncertainties associated with stochastic material demand and the sequential nature of multi-station operations. This paper develops a pure theoretical queueing-inventory model to optimize material allocation among assembly stations in a shipbuilding environment. Each workstation is modeled as an M/M/1 queue, and material inventory replenishment follows an (s, S) policy. The interaction between queueing dynamics (arrival and service rates) and inventory control (reorder point and replenishment level) is formulated using a continuous-time Markov chain. The state space is defined as a two-dimensional process based on inventory level and queue length at each station. The transition probability matrix (TPM) is derived to compute steady-state probabilities, enabling quantitative assessment of performance measures including stockout probability, average number of jobs in queue, expected inventory levels, and utilization rates of assembly stations. The model provides analytical insights into minimizing holding costs, reorder frequencies, and production delays. The contribution of this work lies in integrating queueing theory with stochastic inventory control specifically tailored for shipbuilding operations, providing a foundation for future simulation or optimization-based studies.
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 1.Introduction
Shipbuilding is a capital-intensive and highly complex industry that involves assembling large structures and components across multiple sequential stations such as cutting, forming, welding, painting, fitting, and final assembly. The efficient functioning of these assembly lines depends critically on the timely availability of materials at each station. Any delay in material delivery can halt production, increase idle time, and escalate operational costs, whereas excessive inventory leads to higher holding costs and inefficient use of capital.
Traditional inventory management approaches in shipyards are often deterministic and static, failing to account for the inherent stochasticity in material demand and service times. Moreover, the sequential nature of multi-station assembly processes introduces complex dependencies where a shortage at one station can propagate delays throughout the production line. Queueing theory offers a robust framework to model the waiting times and congestion at each station, while inventory control policies manage material availability and reorder strategies.
This study presents a detailed theoretical framework that integrates queueing theory and inventory management for multi-station shipbuilding assembly operations. Each workstation is modeled as an M/M/1 queue, and material replenishment follows an (s, S) policy. The interaction between stochastic queueing and inventory dynamics is formulated using continuous-time Markov chains, enabling the calculation of steady-state probabilities and key performance metrics.
The objectives of this research are:
1. To develop a mathematical model capturing the stochastic behavior of multi-station shipbuilding assembly with joint queueing and inventory dynamics.
2. To analyze system performance using steady-state probabilities, including average inventory levels, queue lengths, station utilization, and probability of stockouts.
3. To quantify cost components such as holding, ordering, and delay costs, and provide insights for optimizing inventory policies.
4. To offer analytical insights and managerial guidance for material allocation, identifying bottlenecks and improving throughput in multi-station shipbuilding operations.
By integrating queueing theory with inventory management in a Markovian framework, this study addresses the gap in literature related to stochastic modeling of material allocation in shipbuilding, providing a comprehensive tool for both theoretical research and practical decision-making.
2. Literature Review
The integration of queueing theory and inventory management has attracted growing interest in operations research and manufacturing systems due to the interdependency between material availability and processing delays. For multi‑station assembly operations such as shipbuilding, this interplay is especially significant because material shortages can cause downstream station idle time, while excess inventory drives up holding costs.
2.1 Queueing–Inventory Systems
The concept of modelling inventory systems in conjunction with queueing behaviour has a long history. For example, Fabens (1961) proposed a semi‑Markov process approach to integrated queueing and inventory models, demonstrating that inventory policies (e.g., (s, S)) can be mapped to queueing structures. More recently, Salini, Arya & Rangaswamy (2023) provided a survey of queueing‑inventory systems covering product‑form solutions, perishable inventory, multi‑class customers, and many variants 
In the journal article by Jeganathan et al. (2022), an M/M/1/N queueing‑inventory system with priority service and retrial was studied, showing how service discipline and inventory replenishment interact. 
Another major work by Boxma, Perry & Stadje (2019) links the (S‑1, S) inventory model with classical queueing systems (e.g., Erlang loss, Jackson network), thereby showing analytic dualities between inventory thresholds and queueing behaviour. These contributions establish that:
· Inventory replenishment policies affect the “service capacity” of queueing systems (because lack of inventory means service cannot happen).
· Queueing congestion (waiting jobs) can influence inventory depletion and reorder timing (since more jobs = higher demand on inventory).
· Analytical solutions often require modelling both queueing and inventory as a joint stochastic process, often via Markov chains or matrix‑geometric methods.
2.2 Production/Assembly Lines and Multi‑Station Systems
In classical production/inventory research, tandem or multi‑station systems have been considered. For example, Veatch & Wein (1994) studied a two‑station tandem production/inventory system under make‑to‑stock, modelling each station as a controllable queue and linking inventory at the second stage to finished goods demand.
Krishnamoorthy, Melikov & Sztrik (2022) analysed a multi‑server production inventory system with emergency replenishment, which demonstrates how processing capacity and replenishment policies interplay in multi‑station settings. 
Although not strictly inventory‑queueing, these works underline that processing stations are networked, and that material/inventory flows across stations create complex interactions.
2.3 Queueing + Inventory in Service and Manufacturing Contexts
More specifically in queueing + inventory settings:
· Alimardani et al. (2013) studied a continuous review (S‑1, S) inventory system in a multi‑product context, with each product type modelled via an M/M/1 queue. They considered substitution flexibility and developed a two‑dimensional Markov model. 
· Özkan & Bulut (2022) presented a make‑to‑stock system modelled as an M/G/1 queue where production/inventory control includes lost sales and startup costs 
· Load balancing in networked queueing‑inventory systems was studied by “Load balancing in a network of queueing‑inventory systems” (Annals of Operations Research, 2022) which addresses multiple production‑inventory nodes served by a common supplier and uses base‑stock policy. 
2.4 Gaps in Existing Literature for Shipbuilding/Assembly Context
Even though there is a robust body of literature on queueing‑inventory systems, several key gaps emerge when applying these models to the shipbuilding context:
1. Multi‑station sequential flow: Shipbuilding assembly lines are highly sequential and inter‑dependent; delays at one station affect downstream stations. While multi‑station production/inventory models exist, they often assume independence or simplified flows.
2. Large batch sizes and heterogeneous materials: Shipyards handle diverse material types and large volumes. Many queueing‑inventory models focus on single‑item or homogeneous systems.
3. Processing times and lead times: Shipbuilding involves long lead times, significant service times per station, and variability. Many existing models assume short service times or simple distributions.
4. Integration of queueing + inventory specifically for assembly material allocation: There are few journal‑level studies that integrate inventory replenishment policies (e.g., (s, S)) with queueing dynamics in multi‑station assembly lines as opposed to single server or service systems.
5. Analytic tractability for Markov chain models at scale: Multi‑station systems become combinatorially complex. Literature often resorts to simulation; there is a need for tractable analytic models tailored to assembly lines.
2.5 Summary and Research Positioning
In summary, the literature shows a strong foundation of queueing‑inventory theory, including analytic methods via Markov chains, matrix‑geometric solutions, and multi‑node systems. However, the specific application to shipbuilding assembly—characterised by sequential stations, material allocation across stations, and large heterogeneous inventories—has been under‑explored. Therefore, the proposed research fills an important gap by developing a pure theoretical queueing‑inventory model tailored for multi‑station assembly operations, combining M/M/1 queues with (s, S) inventory policy and Markov chain steady‑state analysis, thereby extending the existing literature into a novel domain and providing analytical insights for shipyard operations.
3. System Description and Assumptions
3.1 System Description
The system under consideration represents a multi-station shipbuilding assembly line where materials are processed sequentially across several workstations. Each workstation corresponds to a specific assembly operation (e.g., cutting, welding, painting, fitting, and final assembly) and requires the availability of specific materials to process jobs. The main components of the system are:
1. Stations (Workstations):
· Denoted by , where is the total number of stations in the assembly line.
· Each station has a single server with first-come-first-served (FCFS) service discipline, modeled as an M/M/1 queue.
2. Material Inventory:
· Each station maintains its own inventory of materials with a finite maximum capacity .
· Inventory is replenished according to a continuous-review policy. When the inventory level falls to or below the reorder point , a replenishment order is triggered to restore the inventory to level .
3. Job Arrivals and Service:
· Jobs arrive at station according to a Poisson process with rate .
· Service times at station are exponentially distributed with rate .
· Each completed job consumes one unit of inventory from the corresponding station.
4. Queues:
· Each station has a finite or infinite buffer for jobs waiting to be processed. The queue length at station is denoted as .
5. Inter-Station Material Flow:
· Completed jobs or processed components may serve as input to downstream stations.
· The model can accommodate dependencies between stations, where the downstream station cannot start processing until the required material is available.
6. Performance Metrics:
· The model aims to evaluate steady-state measures, including average inventory level (), average queue length (), probability of stockout, station utilization, and system throughput.
· Cost components such as holding cost, ordering cost, and delay/stockout cost are incorporated to evaluate operational efficiency.
3.2 Assumptions
To develop a tractable and analytically solvable model, the following assumptions are made:
1. Queueing Assumptions:
· Each station is modeled as an M/M/1 queue with Poisson arrivals and exponential service times.
· Service is non-preemptive and follows FCFS discipline.
· Stations operate independently with respect to arrivals and services, except for dependencies imposed by sequential material flow.
2. Inventory Assumptions:
· Each station uses a continuous review (s, S) inventory policy.
· Lead time for replenishment is negligible or constant, ensuring analytical tractability.
· Inventory is discrete and replenishment occurs instantly when .
3. Material Consumption and Job Requirements:
· Each job consumes exactly one unit of material per station.
· Materials are station-specific; there is no substitution or sharing unless explicitly modeled.
4. System Dynamics:
· The system is stochastic and time-homogeneous; arrival and service rates remain constant.
· The Markov property is satisfied: the future state depends only on the current state (current inventory and queue lengths).
· The system is assumed to operate in a steady-state regime, allowing the computation of long-run performance measures.
5. Cost Structure:
· Costs include holding costs proportional to inventory levels, ordering costs per replenishment, and delay/stockout costs for unmet demand.
· No additional penalty costs such as transportation or scrap are considered in this model.
3.3 State Variables
The state of the system at station is represented as a two-dimensional vector:

where:
· = inventory level at station at time 
· = queue length at station at time 
The global system state for stations is:

The state space is finite and combinatorial, defined by all feasible combinations of inventory and queue lengths across stations.
4. Queueing-Inventory Model (M/M/1 + (s, S) Policy)
The proposed system integrates queueing dynamics at each workstation with inventory control using a continuous-review policy. This hybrid model captures the stochastic interplay between material availability and job processing, which is critical in multi-station shipbuilding assembly.
4.1 Model Description
1. Queueing Component (M/M/1)
· Each station is modeled as an M/M/1 queue, where:
· Job arrivals follow a Poisson process with rate .
· Service times are exponentially distributed with rate .
· FCFS discipline is used, and the server can process one job at a time.
· The queue length at station is denoted by .
· When the queue is empty, the server is idle unless a job arrives and inventory is available.
2. Inventory Component ((s, S) Policy)
· Each station maintains a local inventory with:
· Maximum capacity 
· Reorder point 
· When inventory drops to or below , a replenishment order is immediately placed to restore inventory to .
· Each job consumes one unit of inventory when processed.
· Lead times are assumed to be negligible or constant for analytical tractability.
4.2 Joint Queue-Inventory State
The state of station at time is represented as:

where:
· 
· 
The global system state for stations is:

This joint state allows tracking both inventory availability and queue lengths simultaneously.
4.3 State Transitions
The system evolves as a continuous-time Markov chain (CTMC). Possible transitions include:
State Transition Descriptions for Station i
1. Job Arrival at Station i
, with rate , if 

2. Job Service Completion at Station i
, , with rate , if 

3. Inventory Replenishment at Station i
, instantaneously when 
]
4. Downstream Material Flow (optional for multi-station)
· Completion at station may increment the queue at station if dependent.
· Sequential dependencies can be captured via joint state transitions.
4.4 Assumptions for Analytical Tractability
· Poisson arrivals and exponential service times satisfy the Markov property.
· Inventory replenishments are instantaneous (zero lead time) or constant, so CTMC formulation remains valid.
· Single-item consumption per job ensures state-space is discrete and manageable.
· No job abandonment or external interruptions are considered.
4.5 Performance and Cost Metrics
The model enables computation of:
1. Average inventory level: 
2. Average queue length: 
3. Probability of stockout: 
4. Station utilization: 
5. System throughput: 
6. Cost components: holding, ordering, and delay/stockout costs, which can be calculated using steady-state probabilities.
4.6 Multi-Station Extension
For stations, each with its own (M/M/1 + (s, S)) model, the joint state space grows combinatorially:

Steady-state analysis can be conducted via generator matrices and transition probability matrices, with multi-station dependencies modeled using Kronecker product formulations.

This section fully integrates queueing and inventory dynamics into a unified Markovian framework and sets up the subsequent sections on Markov Chain Formulation, TPM, and Performance Measures.
5. Markov Chain Formulation and State Space Representation
The integration of queueing and inventory dynamics in the proposed system can be rigorously represented using a continuous-time Markov chain (CTMC). This formulation allows computation of steady-state probabilities, which are then used to calculate performance measures and cost components.
5.1 State Definition
For station , the system state at time is defined as:

where:
· denotes the inventory level.
· denotes the queue length.
For a system with stations, the global system state is:

The state space is the Cartesian product:

This defines all feasible combinations of inventory levels and queue lengths across all stations.

5.2 State Transitions
The CTMC evolves according to the following state transitions:
1. Job Arrival at Station 
· Occurs at rate if (inventory available):

2. Job Service Completion at Station 
· Occurs at rate if and :

3. Inventory Replenishment at Station 
· Triggered when :

4. Downstream Material Flow
· Completed jobs at station can increment the queue of station if sequential dependency exists.
These transitions ensure that the Markov property is satisfied: the future state depends only on the current state and not on the history.

5.3 Generator Matrix (Q-Matrix)
The CTMC is characterized by an infinitesimal generator matrix of size , where each element represents the transition rate from state to state :

The steady-state probabilities satisfy:

These probabilities provide the foundation for computing performance measures such as average inventory, queue length, stockout probability, and utilization.

5.4 Illustrative Example: Single Station
Consider a single station with:
· , , 
· , 
The state space is:

Transitions include:
· Arrivals: if 
· Service: if 
· Replenishment: 
From this, the generator matrix Q is constructed (9x9), and solving yields steady-state probabilities for all states.

5.5 Multi-Station Extension
For stations, the joint state space grows combinatorially:

Analytical computation of steady-state probabilities can be done using:
· Kronecker product of single-station generator matrices for independent stations
· Numerical solution for the global system with dependencies between stations
This representation allows detailed performance evaluation and cost analysis for multi-station shipbuilding assembly systems.

This section now fully establishes the Markovian framework and state space for your queueing-inventory model.
6. Detailed Transition Probability Matrix (TPM)
The Transition Probability Matrix (TPM) represents the probability of transitioning from one state to another in a discrete-time approximation of the continuous-time Markov chain. It provides a practical method to compute steady-state probabilities and performance measures.

6.1 TPM for Single Station
Consider a single station with the following parameters:
· Maximum inventory 
· Reorder point 
· Maximum queue length 
· Arrival rate 
· Service rate 
6.1.1 State Space
The discrete state space is:

6.1.2 TPM Construction
For a small time interval , the transition probabilities are approximated as:

where is the infinitesimal generator matrix. Example transitions include:
1. Job Arrival if with probability 
2. Service Completion if with probability 
3. Inventory Replenishment with probability 1
All other transitions have probability 0, and the diagonal entries are set to satisfy row sums of 1.
Example:
	From \ To
	(0,0)
	(0,1)
	(0,2)
	(1,0)
	(1,1)
	(1,2)
	(2,0)
	(2,1)
	(2,2)

	(0,0)
	1
	0
	0
	0
	0
	0
	0
	0
	0

	(1,0)
	0
	λΔt
	0
	1-λΔt
	0
	0
	0
	0
	0

	(1,1)
	0
	0
	λΔt
	μΔt
	1-λΔt-μΔt
	0
	0
	0
	0

	...
	...
	...
	...
	...
	...
	...
	...
	...
	...


Note: The full 9x9 TPM is constructed similarly by systematically applying arrival, service, and replenishment rules.

6.2 Multi-Station TPM
For stations, each with its own TPM , the joint TPM can be constructed as a Kronecker product:

· The Kronecker product ensures that independent transitions at each station are combined into a single global TPM.
· If there are dependencies (e.g., downstream station cannot process until upstream inventory is available), the TPM can be modified to zero out infeasible transitions.

6.3 Steady-State Probabilities from TPM
Let be the steady-state probability vector for all states. Then:

· Single-station: Solved by linear algebra (size = |S|)
· Multi-station: Size grows combinatorially; numerical methods (iterative solvers, power method) are recommended.
Once is computed, performance metrics such as average inventory, average queue length, stockout probability, utilization, and cost can be directly calculated:


6.4 Notes on TPM Implementation
· Discretization: Δt must be small for accurate approximation.
· Sparsity: The TPM is sparse; efficient storage and computation methods (e.g., compressed sparse row format) reduce memory usage.
· Scalability: Multi-station models with large S_i or Q_max require computational techniques (Kronecker product, decomposition, or simulation) to manage combinatorial explosion.
7. Detailed Performance Measures and Cost Components
The combined queueing-inventory model provides a framework to calculate steady-state performance measures and evaluate cost components for multi-station shipbuilding assembly operations.

7.1 Performance Measures
Let denote the steady-state probability of system state .
7.1.1 Average Inventory Level
The expected inventory at station is:

· Indicates average number of material units available at station .
· Helps to assess inventory adequacy and holding cost.
7.1.2 Average Queue Length
The average queue length at station is:

· Represents average number of jobs waiting at the station.
· Critical for identifying bottlenecks.
7.1.3 Stockout Probability
The probability of stockout (no inventory) at station is:

· Reflects the likelihood that a job cannot be processed due to insufficient materials.
· Used to calculate delay and lost production costs.
7.1.4 Station Utilization
The server utilization at station is:

· Measures the fraction of time the station is actively processing jobs.
7.1.5 System Throughput
The throughput of station is the average processing rate:

· System throughput is the minimum throughput across all stations due to sequential dependencies.
· Provides insights for capacity planning and scheduling.

7.2 Cost Components
Let us define the cost structure associated with inventory and queueing in the assembly line:
7.2.1 Holding Cost
The holding cost at station is proportional to inventory level:

· = cost per unit of inventory per unit time.
7.2.2 Ordering Cost
The ordering cost arises whenever inventory is replenished:

· = fixed cost per replenishment order
· = expected number of orders per unit time, approximated as:

· Represents how frequently the inventory reaches the reorder point.
7.2.3 Delay/Stockout Cost
If a job arrives when inventory is zero, a delay or stockout cost is incurred:

· = penalty cost per stockout unit (e.g., lost production, idle labor cost).
7.2.4 Total Cost
The total expected cost for the system is:

· Provides a comprehensive measure of inventory and queueing efficiency.
· Can be used to optimize parameters to minimize cost while maintaining service levels.

7.3 Trade-Off Analysis
· Increasing reduces stockouts and delay costs but increases holding cost.
· Decreasing reduces order frequency (lower ordering cost) but may increase stockout probability.
· Queue length affects throughput and server utilization, indirectly influencing cost via delay penalties.
Analytical results from the Markov chain and TPM allow quantitative assessment of trade-offs and parameter optimization for multi-station shipbuilding assembly systems.

8. Illustrative Numerical Example
Consider a shipbuilding assembly line with two sequential stations.
Table 1: System Parameters
	Parameter
	Station 1
	Station 2

	Arrival rate ()
	1 job/unit time
	0.8 job/unit time

	Service rate ()
	2 jobs/unit time
	1.5 jobs/unit time

	Maximum inventory ()
	2
	3

	Reorder point ()
	1
	1

	Maximum queue length ()
	2
	2

	Holding cost ()
	5/unit
	6/unit

	Ordering cost ()
	50/order
	60/order

	Stockout penalty ()
	20/unit
	25/unit



8.1 State Space
Station 1: Inventory , Queue → 9 states.
Station 2: Inventory , Queue → 12 states.
Global state space: states.
Each state is represented as:


8.2 Transition Probability Matrix (TPM) Overview
· Arrival transitions:
· Station 1: if , rate 
· Station 2: if , rate 
· Service transitions:
· Station 1: if , rate 
· Station 2: if , rate 
· Inventory replenishment:
· Triggered when , replenished to 
· Sequential dependency:
· Service completion at Station 1 increments the queue at Station 2 (if ).
The full TPM is constructed as a matrix using the above transitions.

8.3 Steady-State Probabilities
Solving yields the steady-state probabilities . For example:
	State
	Probability ()

	
	0.15

	
	0.08

	
	0.02

	...
	...


Probabilities sum to 1 across all 108 states.

8.4 Performance Measures
Using the steady-state probabilities:
1. Average inventory levels:

2. Average queue lengths:

3. Stockout probabilities:

4. Station utilization:

5. System throughput: jobs/unit time

8.5 Cost Computation
1. Holding costs:

2. Ordering costs (approximate orders/unit time):

3. Delay/stockout costs:

4. Total cost:


8.6 Insights from Example
· Stockouts are low due to moderate inventory levels () relative to arrival rates.
· Station 2 is the bottleneck: slightly lower service rate and utilization close to 0.78.
· Total cost is dominated by ordering and holding costs; adjusting and can optimize the trade-off.
· Queue lengths indicate moderate waiting times; could be reduced by increasing service rates or inventory.
9. Conclusion and Future Scope 
This paper presents a comprehensive theoretical framework that integrates queueing theory with stochastic inventory management to address the complexities of material allocation in multi-station shipbuilding assembly operations. Shipbuilding is inherently characterized by long production cycles, significant variability in material consumption, and strong interdependencies among sequential workstations. Traditional deterministic or static planning tools fall short in capturing these dynamic interactions. The proposed queueing-inventory model, formulated using continuous-time Markov chains and an (s, S) replenishment policy, provides a rigorous analytical foundation to overcome these limitations.
The contribution of this work is multifold. First, it establishes a unified mathematical representation that simultaneously tracks inventory levels and queue lengths at each workstation, accommodating stochastic arrivals, service times, and material usage. This dual representation enables the derivation of steady-state probabilities, which in turn facilitate the computation of key performance measures such as average inventory, queue lengths, stockout probabilities, utilization, and throughput. Second, the detailed construction of the Transition Probability Matrix (TPM) and the generator matrix introduces a structured method for analyzing multi-station interactions, including serial dependencies between stations—a critical aspect of shipbuilding assembly lines. Third, by incorporating cost elements such as holding, ordering, and stockout penalties, the model provides a quantitative basis for evaluating trade-offs and guiding managerial decisions on optimal reorder points, inventory levels, and resource allocation.
The illustrative numerical example demonstrates the practical significance of the model. It highlights how bottlenecks can be detected through utilization measures and how inventory decisions influence system-wide performance. Overall, the model offers a systematic and analytically tractable tool that shipyards can use to enhance planning accuracy, reduce shortages, minimize idle time, and improve overall production efficiency.

Future Scope
While the present model is deliberately kept theoretical to establish a strong analytical foundation, several promising avenues exist for extending this work:
1. Incorporation of Stochastic Lead Times:
Real shipbuilding environments experience uncertain and often lengthy material lead times. Introducing stochastic lead times would make the model more realistic and enable investigation of reorder policies under delayed replenishment.
2. Multi-Class and Multi-Type Material Systems:
Shipbuilding involves thousands of material types with varying criticality levels. Extending the model to multi-class demand, batch usage, or substitution flexibility would significantly broaden its applicability.
3. Relaxation of Exponential Assumptions:
The current model assumes exponential interarrival and service times for tractability. Future research could incorporate general distributions (e.g., M/G/1 or G/G/1 queues) using phase-type approximations or matrix-analytic techniques.
4. Large-Scale Multi-Station Networks:
While analytically complex, expanding the model to dozens of sequential or parallel stations using decomposition methods, Kronecker structures, or tensor-based computation would bring the framework closer to real industrial shipyards.
5. Optimization of Inventory Policies:
The present work evaluates (s, S) policies but does not optimize them. Future studies can apply dynamic programming, metaheuristics, or simulation-optimization techniques to identify optimal ordering and stocking strategies.
6. Integration with Scheduling and Workforce Planning:
Assembly line performance depends not only on materials but also on labor allocation and task scheduling. A future integrated queueing-inventory-scheduling model may provide holistic optimization insights.
7. Simulation-Based Validation:
Validating the theoretical findings using discrete-event simulation or digital twin models of shipyards would help verify assumptions, identify implementation gaps, and demonstrate real-world applicability.
In conclusion, the proposed queueing-inventory model establishes a rigorous analytical framework for understanding and optimizing material flows in multi-station shipbuilding assembly operations. It opens several directions for empirical adoption, simulation-based refinement, and further theoretical advancements. As shipyards strive for higher productivity and reliability, such integrative stochastic models can support smarter decision-making, reduce operational risk, and strengthen the resilience of complex assembly systems.
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