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2. [bookmark: _Toc210565712]Introduction

Discrete Event Simulation (DES) is widely used in manufacturing and service industries to understand how processes behave over time (Zhang et al., 2023). By breaking down a system into events that occur at specific points, DES enables the examination of how resources, machines, and operators interact with one another. Instead of relying solely on calculations or assumptions, simulation offers a dynamic view of performance. This enables the identification of delays, queues, and bottlenecks that may not be easily identifiable.
This report focuses on a case study based on a CP Lab production scenario, modelled using Arena simulation software. The line involves multiple stations, including inspection, drilling, cap dispensing, pressing, labelling, and a robotic output stage. Although each station has a defined role, together they form a system where variations in processing times, transport delays, and shared resources impact overall efficiency. Understanding how these factors combine is essential for identifying where time and capacity are being wasted, and where improvements could deliver value.
This work aims to develop and analyse a simulation model of the process, evaluate its performance, and suggest opportunities for improvement using Lean principles. The model will be used to identify waste, measure value-added and non-value-added activities, and assess key performance indicators such as cycle time, throughput, utilisation, and waiting times. The findings will then be used to recommend practical changes that could make the process leaner and more reliable.
· 

3. [bookmark: _Toc210565713]Process Selection & Description

The process selected for this study is a laboratory-scale production line used in the CP Lab. The line represents a simplified but realistic manufacturing system where a part moves through a series of sequential stations. Each station performs a defined task, with its own cycle time, resources, and constraints. Together, these stations replicate many of the challenges found in real production environments, such as variable processing times, shared resources, and limited capacities.
The process begins with an optical inspection using a camera. This is followed by a drilling operation, which may involve either two or four holes, depending on the routing path. Next, a dispenser applies a top cap, but with the limitation that only ten caps are available before an operator must pause production to perform a refill. The press operation then assembles the part, before a printer applies a label. Finally, a robotic station transfers completed parts to an output buffer, which can only hold four units before requiring operator intervention to clear again.
This scenario was chosen because it presents an opportunity to explore several important manufacturing issues within a single, compact model. These include operator sharing, bottleneck formation, variability caused by processing distributions, and the distinction between value-added and non-value-added steps. By simulating this process, it is possible to highlight wastes such as waiting and transportation, as well as to test how resource constraints and task sequencing affect the overall performance of the system (Ben Moussa et al., 2019).

4. [bookmark: _Toc210565714]Model Development

The material flow begins with parts entering the system at a fixed inter-arrival of 104 seconds. Each part proceeds first to an optical inspection, then through a drilling operation that may require either two or four holes, before continuing to the dispenser, press, printer, and finally the robotic transfer into an output buffer. This sequence represents a linear but capacity-constrained flow, where the pace of one station directly influences the rest of the line.
[image: ]
Figure 1: Overall Arena model layout
Processing times at each station were represented using triangular distributions. This approach was selected because only limited information was available for each process: the minimum, most likely, and maximum times could be defined, but no full dataset was provided. Triangular distributions capture variability realistically while keeping the model simple to parameterise.
Table 1: Stations, resources, and time distributions
[image: ]
Flow control was managed using Hold modules. These were placed before stations with strict capacity limits to prevent entities from entering when the downstream was already occupied or when the shared operator was in use. This avoided unrealistic build-ups and mirrored the "one in, one out" rules of the real process.
[image: ]
Figure 2: Example Hold logic with condition
Counters were also applied at key points. The dispenser used a variable to track the number of available caps, triggering an operator refill once the supply reached zero. Similarly, the output stage counted completed parts and required operator clearance after four units accumulated.
[image: ]
Figure 3: Variable counter displays
Verification was carried out by running short test replications, adjusting arrival rates to expose queues, and monitoring variable displays to confirm that logic and resource behaviour matched expectations (Sargent, 2013).
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In Lean philosophy, inefficiencies in production are often understood through three interlinked concepts: Muda (waste), Mura (unevenness), and Muri (overburden) (Toyota Motor Corporation, 2013). Together, they capture the primary forms of loss that reduce efficiency and reliability in manufacturing. 
Muda: Waste
Muda refers to activities that absorb resources without delivering value to the customer. Taş (2024) demonstrated the successful elimination of waste in an automotive manufacturing line by utilising Lean tools and Value Stream Mapping, resulting in a 56% reduction in lead time and a substantial improvement in process efficiency. Several clear examples are visible in the CP Lab model:
Overprocessing (Toyota Motor Corporation, 2025): Both optical inspection and label printing increase cycle time without enhancing the product's functionality.
Transportation (Toyota Motor Corporation, 2025): The fixed transfer delays between stations represent unnecessary movement of parts, extending the total lead time without added value.
Waiting (Toyota Motor Corporation, 2025): The press has the longest processing time, which creates queues upstream. Entities also wait when the shared operator is unavailable to perform refills or clear the output buffer.
Inventory (Toyota Motor Corporation, 2025): The system facilitates artificial accumulation at two points: the dispenser's ten-cap magazine and the output buffer, which holds four units. Both situations lead to stoppages and rework of the flow once thresholds are reached.
Mura: Unevenness
Mura refers to imbalance and variation in workload. Woldemicael et al. (2024) applied Value Stream Mapping and simulation within a leather goods manufacturer to address workload imbalance (mura), thereby increasing production flow efficiency and reducing bottlenecks. This is evident in the drilling operation, where parts are randomly assigned to either a two-hole or four-hole drilling process with varying average times. This uneven split results in irregular flow and unbalanced utilisation. Variation also comes from the use of triangular distributions at every station. While semi-realistic, this means that actual cycle times fluctuate from one part to the next, contributing to unstable throughput and unpredictable queues.
Muri: Overburden
Muri highlights situations where resources are pushed beyond reasonable limits. Che Ani, Kamaruddin and Azid (2019) examined overburden (muri) in a manual handling process and found that relieving operator strain through process redesign increased overall throughput by 17.7% and reduced physical fatigue among workers. In the CP Lab line, the operator is a clear example: the same resource is expected to manage both dispenser refills and output buffer clearance. When both tasks coincide, the operator is overburdened and delays ripple across the system. The press can also be interpreted as overburdened, operating close to its maximum utilisation and constraining flow for other stations.
Bottleneck:
A bottleneck is the point in a process where capacity is most restricted, limiting overall throughput (Nandakumar, Saleeshya & Harikumar, 2020). In the CP Lab model, the press station serves as this bottleneck, with the longest cycle time and highest utilisation.
Although defects are not explicitly modelled, their presence is implied through the inclusion of inspection, which in real processes usually arises as a response to quality failures. Overproduction is also not a direct issue in this scenario, but if arrival rates were increased, the limited output buffer would quickly create excess work-in-progress.
Taken together, the CP Lab simulation demonstrates how Muda, Mura, and Muri interact. Wasteful activities, uneven workloads, and overburdened resources combine to restrict throughput and add unnecessary time, providing a clear basis for later value analysis and improvement planning. 

6. [bookmark: _Toc210565716]Value Analysis
Lean thinking emphasises that only activities that add value from the customer's perspective should remain in a process. Value-added steps are those that physically transform the product in a way the customer is willing to pay for (Womack & Jones, 1996). Non-value-added steps consume time and resources without improving the product, although some may be unavoidable due to regulatory or operational requirements (Dara et al., 2024). The CP Lab simulation contains a mix of both, which can be analysed by examining each station in turn.
Value-added operations are those that directly alter the part or product. The drilling stage physically modifies the component, creating the holes required for assembly. The dispenser applies the top cap, and the press completes the assembly by securing the components together. These three stages create the tangible product outcome and are therefore considered value-added.
Other activities in the model do not directly improve the product but still consume resources. The optical inspection ensures quality by checking the part, but does not enhance the item itself. Optical inspection, from a Lean perspective, is non-value-added, or at best, a "necessary but non-value" activity (or Type 1) (Welo & Ringen, 2016). The label printing is also non-value-added: while it provides information, it does not alter the product in a way that changes its function or value. Similarly, the robotic transfer at the end and the fixed transport delays between stations move parts from one point to another, consuming time without creating value.
The influence of these activities can be quantified by examining the simulation output. By comparing the total time spent in value-added stages (drilling, dispensing, pressing) against the time spent in inspection, labelling, transfers, and waiting, the proportion of actual value within the overall cycle time can be established.
Table 2: Breakdown of cycle time by station-value vs non-value
[image: ]
Preliminary observations suggest that press accounts for the largest share of value-added time, while inspection and labelling consume significant non-value-added time. Transport delays also add up considerably across the line. Once actual data from Arena reports is inserted, it will be possible to state the precise percentage of total cycle time that is genuinely value-added, and how much is lost to wasteful or necessary-but-non-value steps.
This analysis highlights the importance of distinguishing between what creates value for the customer and what merely maintains system operation. The next step is to interpret the simulation outputs in more detail to assess performance indicators such as throughput, utilisation, and waiting times.


7. [bookmark: _Toc210565717]Simulation Analysis (KPIs)

The key performance indicators (KPIs) generated from the base simulation provide quantitative evidence of how the CP Lab process currently performs. The model was run for 24 hours with a constant inter-arrival of 104 seconds, representing a steady, moderate demand level.
Throughput and Cycle Time
The system completed approximately 828 parts in 24 hours, establishing an effective throughput of about 34.5 parts per hour. The average cycle time per entity was 156 seconds, indicating that each part spent over two and a half minutes in the process from entry to exit. When decomposed, the data show that only about a quarter of this time was genuinely value-adding. The remainder comprised inspection, labelling, material transfer, and waiting, which collectively account for the largest share of lost productivity.
Resource Utilisation
Resource statistics highlight the imbalance between labour and machinery. The press, although the slowest operation, exhibited utilisation of only ≈ approximately 12%, confirming that it is not continuously loaded. Conversely, the operator resource was occupied nearly 41 % of the time, the highest utilisation across the system. This uneven distribution demonstrates that manual intervention, rather than machine capacity, is the primary restriction on flow. Other stations, such as the camera, dispenser, printer, and robot, recorded utilisation values below 5 %, confirming that the system operates far below saturation.
Queues and Waiting
Queue statistics indicate limited congestion overall, but consistent waiting times before key tasks. The dispenser (cap-fill process) recorded the longest average queueing time of roughly 28 seconds, caused by the small ten-cap magazine that frequently triggers refills. The press queue averaged only a few seconds but appeared in almost every replication, illustrating that this step defines the line's rhythm. Although queue lengths were small, the combination of frequent short waits and operator availability delays extended the total part-time in the system.
System Balance and Performance
The utilisation and queue data together reveal a process that is arrival-limited rather than constrained by any single station. Because new entities enter every 104 seconds, no machine ever reaches full load. The press functions as the apparent bottleneck within the internal sequence, yet the arrival pattern sets the actual throughput limit. This explains the low utilisation levels: resources have spare capacity but are idle while awaiting new parts.
Summary of Findings
Overall performance is stable but inefficient. The process delivers predictable output with minimal congestion; however, more than half of the total cycle time is consumed by non-value-adding or waiting activities. The operator's high utilisation and the press's long cycle time are the most explicit constraints. However, the system's overall flow is determined by the slow input rate rather than by machine capacity. These KPIs establish the baseline for evaluating the improvement scenarios, demonstrating where time is lost and which resources offer the most significant opportunity for optimisation.
8. [bookmark: _Toc210565718]Opportunities for Improvement 

The extended CP Lab testing identified multiple inefficiencies that restrict productivity and extend cycle time. These can be prioritised as: (1) the shared operator dependency, (2) the slow press process, and (3) the time consumed by non-value-adding activities. Additionally, outside of value-added operations, issues include fixed transport delays.
1. Shared Operator Dependency (Most Problematic)
In the base model, the operator was responsible for refilling the dispenser and clearing the output buffer, resulting in around 41% utilisation and frequent interruptions when both actions coincided. After increasing the dispenser capacity to 50 caps, operator utilisation fell to ≈18 %, and overall cycle time shortened. This confirms that manual intervention, rather than machine speed, is the major limitation.
· Lower-cost option: Increase dispenser capacity and stagger output-clearance triggers (e.g. remove parts when three rather than four accumulate). This reduces overlaps but can marginally raise inventory levels.
· Higher-cost option: Automate one of the tasks, such as an automatic cap feeder or robotic buffer clearance. This eliminates dependence on human timing but introduces new capital and maintenance costs, and may leave labour underutilised once automation stabilises the flow.
2. Press Process
The press showed the longest individual cycle time, but utilisation remained at only about 12%. When the press time was halved, throughput and waiting barely changed, confirming that at the nominal 104-second arrival rate, the system is arrival-limited rather than process-limited. Under faster input rates (75 s and 50 s), the press handled the increased workload without saturation, supporting the view that capacity is sufficient for current and foreseeable demand.
· Lower-cost option: Implement preventive maintenance and minor tool improvements to maintain the press's stability over longer runs. Gains will be marginal at low demand but improve reliability if input rates rise.
· Higher-cost option: Install a second or faster press. The model suggests that this would not increase daily throughput under existing arrival rates and could lead to overcapacity.
3. Non-Value-Adding Steps
Inspection and labelling together account for a substantial share of non-value time. Removing or relocating these tasks has the potential to shorten total cycle time.
· Lower-cost option: Adopt statistical sampling for inspection and move labelling off the main line. This reduces overprocessing but slightly increases the risk of quality misses or rework.
· Higher-cost option: Automate these tasks so they occur in parallel with production. This preserves quality control, but it also adds equipment expense and introduces additional risks.
4. Transport Issues
Fixed transport delays of seven to eight seconds per move extend the total lead time. Although each transfer adds only seven to eight seconds, these delays occur between every process, meaning transport collectively accounts for a significant share of total non-value time. Consolidating workstations or introducing automated or faster conveyors could recover this time. A leaner physical layout or automated transfer could recover this time at the cost of system disruption. Similarly, the small part stocks remain potential stoppage points; increasing them stabilises the flow, but risks work-in-progress stock if managed poorly.



9. [bookmark: _Toc210565719]Conclusions

This report has examined the CP Lab production line using discrete event simulation as a tool to understand performance and identify opportunities for improvement. By modelling the flow of parts through inspection, drilling, dispensing, pressing, labelling, and output handling, the simulation revealed how resource constraints, processing variability, and non-value-added steps combine to shape overall efficiency.
Analysis showed that the most significant issues were the shared dependency on a single operator, the bottleneck created by the press station, and the inclusion of inspection and labelling activities that add time without creating value. These problems were compounded by additional concerns, such as transport delays and small kanban capacities, which further extended waiting times and reinforced dependence on operator availability. Using the Lean framework, the process suffers from all three significant muda inefficiencies: mura and muri.
Opportunities for improvement were then developed for the top issues, considering both lower-cost and higher-cost options. This approach recognises that some solutions may introduce new forms of waste, such as excess capacity or increased complexity, even as they address existing problems.
Simulation confirms that the most effective changes are those that reduce operator dependency, while press modifications and automation yield diminishing returns until demand increases. With both fixes applied, throughput remains limited by arrivals rather than internal capacity, demonstrating a shift to a flow constraint. The shortfall of these improvements is that they release capacity which, at present, cannot be utilised. Future gains will depend on aligning input rates and scheduling with the system's new capability while avoiding the creation of new waste.
In conclusion, the simulation has not only accurately reproduced the current process but also provided valuable insights into how it can be improved. By quantifying waste and testing scenarios, discrete-event simulation provides a structured approach for evaluating Lean improvements before implementing them in practice. This ensures that recommendations are evidence-based and aligned with the principles of continuous improvement.
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